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Increasing corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] grain yields will require 
a comprehensive understanding of the agronomic and nutritional factors that influence corn and 
soybean yields; therefore, it is critical to understand the interactions of these factors evaluated as 
a whole in order to efficiently maximize yield and exploit the yield potential of modern corn 
hybrids and soybean varieties grown under increased levels of management. A steady increase in 
corn and soybean grain yields have resulted in greater nutrient demands from the soil and fertilizer, 
resulting in many soil’s nutrient reserves to be drawn down. With the advent of innovative 
precision agricultural technologies, fertilizer sources, and management practices, current evolving 
management practices need to be constantly reevaluated in order to capitalize on potential 
synergies that may be necessary to realize the genetic yield potential of corn and soybean. For 
these reasons, the objective of this research was to quantify how modern agronomic and fertilizer 
management practices can be employed for greater corn and soybean productivity that 
encompassed three research areas: 
 
Can agronomic management practices be combined to achieve synergistic improvements in 
corn and soybean productivity?  
Yield potential of a particular corn hybrid or soybean variety is greatest when the seed is still 
in the bag, but observed yield is always less. By using agronomically sound management practices 
yields may be increased (or potential yield loss minimized) from current production averages. The 
objective of this experiment was to evaluate potential synergies between several management 
practices when combined under Intensive management systems, or the consequences of not 
including or minimizing a particular factor and the impact that it contributes in both Standard and 
Intensive management systems. The major management factors that were evaluated included 
phosphorus (P) and potassium (K) fertility, foliar protection, sidedress nitrogen (corn only), plant 
population (corn only), relative maturity (soybean only), seed treatment (soybean only) and row 
spacing. Individual agronomic factors such as narrower row spacing or P and K fertilizer 
applications resulted in the largest yield increases of all management practices; however, 
combinations of multiple management factors in Intensive management systems resulted in 
synergistic yield increases of 23% for corn and 21% for soybean over that of Standard management 




potentially take advantage of greater yield increases and exploitation of seed genetic yield potential 
when using a combination of management factors. 
 
How accurate does a banded phosphorus (P) nutrient application need to be placed to the 
crop row, to result in equivalent or greater plant growth and grain yields than traditional 
broadcast applications?  
Increased vegetative plant growth and greater yields from banded phosphate-based 
MicroEssentials SZ than other agronomic factors found in the first study merits consideration of 
the possibility that other fertilizer application strategies can result in similar yield responses. 
Traditionally, most fertilizer applications are broadcast across the soil surface; however, modern 
corn hybrids and soybean varieties planted at increased populations result in smaller root systems 
that may not effectively exploit relatively immobile nutrients such as P, especially when placed 
between the crop rows. Banding fertilizer beneath the crop rows places nutrients in relatively close 
proximity to the crop roots, and may require modern precision guidance equipment for optimal 
placement. Research was conducted to determine how corn and soybean plants respond to P 
fertilizer placed at different distances away from the crop row (broadcast, or bands 0, 3, 6, 9, 12, 
15 inches), and whether changes in plant population would influence the efficacy of fertilizer 
applications. High plant populations resulted in greater yields than low plant populations, but the 
greatest yields and nutrient uptake occurred with banded P fertilizer applications directly beneath 
the crop row, while fertilizer bands placed approximately six inches to the side of the crop row 
resulted in yields similar to that of broadcast fertilizer. These findings support the idea that 
precision fertilizer placement and high planting densities can influence many growth parameters 
and nutrient uptake in corn and soybean. 
 
Do soil test values accurately predict yield responses to banded P fertilizer, or what other 
assessments should be used?  
With greater emphasis on P soil test levels for nutrient stewardship strategies and the known 
potential detrimental effects from P-loss to water bodies, soil tests need to accurately predict 
critical levels so that yield responses from fertilizer are likely and profitable. There has been an 
advent of increased adoption of improved fertilizer technologies, such as precision guidance for 




long nutrient availability. The objective of this research was to determine if the existing soil test 
level recommendations for P are adequate predictors of the yield response to added P fertilizer. 
Employing multiple 4R nutrient stewardship practices, such as spring-banded MicroEssentials SZ 
in this particular study, resulted in significant increases in corn and soybean grain yields even when 
a majority of the soil test levels were considered to be sufficient. In general, P soil tests were one 
of the most consistent predictors of yield responses to P fertilizer despite their relatively low rate 
of predictability, and higher soil test level threshold for a probability of yield response, which 
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CHAPTER 1: IDENTIFYING THE MOST INFLUENTIAL 
MANAGEMENT FACTORS FOR INCREASING CORN AND SOYBEAN 
YIELDS 
EXECUTIVE SUMMARY 
Corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] grain yields are the final products 
of numerous factors that affect crop growth and development during the growing season; therefore, 
it is critical to understand the interactions of these factors evaluated as a whole in order to 
efficiently maximize yield and exploit the yield potential of modern corn hybrids and soybean 
varieties grown under increased levels of management. The objective of this experiment was to 
evaluate the synergies between several management practices when combined under Intensive 
management systems, or the consequence of not including or minimizing a particular factor and 
the impact that it contributed in both Standard and Intensive management systems. Each 
management factor was evaluated in an addition-omission design, where individual treatments 
were either added/intensified individually to a Standard package, or omitted/minimized from an 
Intensive package where all management factors were implemented together. The major 
management factors evaluated were phosphorus (P) and potassium (K) fertility, foliar protection, 
sidedress nitrogen (corn only), plant population (corn only), relative maturity (soybean only), seed 
treatment (soybean only), and row spacing. There were four fertility treatments, including a) 
natural fertility (none), b) 100 or 75 lbs P2O5 ac
-1 as Micro Essentials SZ (MESZ, 12-40-10S-1Zn) 
for corn and soybean respectively, c) 75 lbs ac-1 of K2O as Aspire (0-0-58-0.5B), or d) the two 
fertilizers combined together. The foliar protection comparison included foliar protection at the 
VT growth stage (corn) or a fungicide plus insecticide mix at the R3 growth stage (soybean) versus 
none applied. Corn was planted at either a 32,000 or 44,000 targeted plant population per acre, 
while nitrogen applications consisted of 160 lbs of nitrogen (N) preplant, with or without 60 lbs N 
sidedress with a urease inhibitor. Soybean was planted at a targeted 160,000 plants per acre with 
an early-season and full-season variety for each region, while seed treatment (none or basic 
compared to a full seed treatment) was applied to the seed and varied depending upon seed brand. 
Both crops were planted in 20- and 30-inch row spacings across six replications per trial for nine 
site-years total between two locations from 2014 to 2016 for corn, and 11 site-years total between 




additions, foliar protection, 44,000 plants per acre (corn only), sidedress N (corn only), full seed 
treatment (soybean only), and 20 inch row spacing whereas Standard management included no 
additional fertility or foliar protection, 30 inch row spacing, 32,000 plants per acre (corn only), 
base nitrogen rate (corn only), and no or basic seed treatment (soybean only).  
Soybean narrower row spacing, fuller-season maturity, and individual enhanced agronomic 
management treatments such as banded MESZ each resulted in highly significant yield increases 
of 6.4, 1.2, and 6.1 bu ac-1 respectively. Narrower row spacings resulted in greater soybean yield 
responses from Intensive agronomic management, where a 6.7 bu ac-1 (6%) yield increase occurred 
in the Standard management system while a 10.1 bu ac-1 (10%) yield increase occurred within 
Intensive management. Depending on the cost of inputs and yield responses, the financial outcome 
of individual management practices ranged from negative to consistently positive.  
Corn narrower row spacing and individual enhanced agronomic management treatments such 
as P and K fertilizer resulted in highly significant yield increases of 12.4 to 12.7 bu ac-1 when the 
treatment was part of the system approach. Increases in corn yield were the result of yield 
component (seed number and seed weight) changes, which differed by management factor efficacy 
time. The combination of management factors resulted in multiple synergistic yield increases 
where Intensive management systems resulted in greater corn yield than the sum of each individual 
management practice, especially when using narrower row systems. These results show that 
multiple management factors can increase corn and soybean yields, both individually, as well as 
when added together in a management system. 
  
INTRODUCTION 
Corn and soybean yields have been increasing at a steady rate since the early 20th century in 
the United States. Despite agronomic and genetic progress, there is a common perception that 
soybean yields have reached a plateau and do not respond to management, particularly if soybean 
yield gains are compared to those of corn. Between 1925 and 2016, for example, average U.S. 
soybean yields have increased by nearly five-fold; in contrast to corn, which has realized a near 
eight-fold increase in grain yield (USDA-NASS, 2017a, USDA-NASS, 2017c). Specht et al. 
(1999) estimated that roughly half of the increasing soybean yield trend is from improved genetics 
while the remaining half is from the adoption of agronomic management practices. Utilization of 




may ultimately realize the genetic yield potential of modern soybean germplasm. According to 
Lobell et al. (2009), corn yields were reported to only be 65% of the yield potential for rain-fed 
environments most common in the United States. Yield potential of a particular corn hybrid or 
soybean variety is greatest when the seed is still in the bag, but observed yield is always less. Only 
through adequate environmental conditions and best management practices can yields be increased 
(or potential yield loss minimized) from current production averages. Improving the understanding 
of which management factors are most influential at closing these yield gaps is needed in Illinois. 
 
Phosphorus and potassium fertility 
Nutrient deficiencies are the most common and manageable abiotic stress and yield-limiting 
factor worldwide for corn (Mueller et al., 2012). Phosphorus is one of the 17 essential plant 
nutrients, and plant growth cannot progress without adequate amounts of P. Phosphorus is taken 
up through the root primarily as H2PO4
- and sometimes HPO4
2- especially as pH increases 
(Armstrong, 1999). Phosphorus within the plant is essential for building DNA, phosphoproteins, 
phospholipids, sugar phosphates, enzymes and energy rich phosphate compounds. These plant 
components enable the plant to properly conduct photosynthesis, transfer genes, and move energy 
and nutrients to their respective regions within the plant. These interactions allow the plant to 
properly grow and develop, but when P is not available to the plant, P deficiencies can occur 
(Armstrong, 1999). Cold temperatures and nutrient deficiencies can severely limit root growth and 
nutrient uptake, which increases the likelihood of growth and yield response from P fertilizer 
applications (Armstrong, 1999).  
Potassium is an important element for plants in that it activates enzymes that control metabolic 
processes for the production of proteins and sugars. Potassium is also an essential component of 
regulating water content of plant cells by influencing changes in cell turgor. Sufficient potassium 
levels allow for plants to adequately open stomata for gas exchange to support photosynthesis and 
transpiration that drives nutrient uptake by mass flow. Enabling plants to maintain a level of 
potassium in their cells allows the plants to combat adverse effects of drought, frost, insect and 
disease damage (Johnston, 2003). Current soil analysis methods for K are not accurate for many 
soils and pose a need for test plot validation of whether yield responses are likely from potassium 





Most producers have an understanding that corn responds to additional nutrients, but overlook 
the importance of adequate crop nutrition for soybean production. Improved soil fertility 
management may hold the greatest promise for increasing yields when used with current 
germplasm. A common corn-soybean rotation in Illinois, for example, is fertilized with 93 lbs P2O5 
and 106 lbs K2O ac
-1 prior to the corn production year (USDA-ERS, 2017), while only 20% of 
growers fertilize soybean, and when they do, only 64 lbs P2O5 and 102 lbs K2O are applied (USDA-
ERS, 2017). If growers were to fertilize, it is a common perception that potassium is the most 
important nutrient for soybean, and thus is commonly fertilized at a higher rate than other nutrients 
such as phosphorus (USDA-ERS, 2017). At a yield level of 230 bu ac-1, the corn crop would 
remove an estimated 80 lbs P2O5 and 59 lbs K2O ac
-1 in the harvested grain (Bender et al., 2013b) 
with a mere 21 lbs P2O5 ac
-1 or a substantial 121 lbs K2O ac
-1 remaining in the corn stover for the 
following soybean crop. Soybean yielding nearly 60 bu ac-1 would remove 35 lbs P2O5 and 70 lbs 
K2O ac
-1 in the grain (Bender et al, 2015), of which a high percentage of the K2O was supplied by 
leaching from the previous corn stover (Oltmans and Mallarino, 2015). These computations 
indicate that the net amount of fertilizer applied to the average Illinois acre is less than the amount 
removed during a 2-year rotation of corn and soybean. These observations are in general agreement 
with findings that the current Illinois row-crop P-use ratios have increased to 1.54 (i.e., 54% more 
P is removed than supplied), with a concomitant reduction in soil P test levels (IPNI, 2012 and 
2015).  
When determining the correct source, rate, time, and place of fertilizer applications, not all 
sources and application methods are created equal. There are multiple fertilizer sources that 
contain P or K (Monoammonium phosphate, MAP, 11-52-0; Diammonium phosphate, DAP, 
18-46-0; Triple Super Phosphate, TSP, 0-46-0-15Ca; Ammonium poly phosphate, APP, 10-34-0; 
Muriate of Potash, MOP, 0-0-60; Sulfate of Potash, SOP, 0-0-50-18S; etc.) that can supply 
nutrients to the crop and to the soil; however, not all fertilizers are the same. The use of premium 
fertilizers has become more frequent with the advent of increased commodity prices, reduced costs 
of premium fertilizers, and need for multiple nutrients as yields have increased. For these studies, 
a premium fertilizer will be defined as a product that contains multiple nutrients combined into the 
same granule (or solution), and has properties that enable it to increase plant availability over 
traditional fertilizer sources. Joint applying MicroEssentials SZ and Aspire would provide N, P, S, 




corn production due to their large uptake quantities, or unique timing of uptake (Bender et al., 
2013a). The nutrients from MicroEssentials SZ (N, P, S, and Zn) have been shown to have high 
remobilization from the vegetation to the grain following flowering, indicating the importance of 
early season uptake to load the vegetative plant tissues (Bender et al., 2013a). The sulfur within 
MicroEssentials SZ acidifies the granule, which can increase solubilization and uptake of nutrients 
such as P (Armstrong, 1999, Vitosh et al., 2000). Potassium plant uptake is greatest during 
vegetative stages. Boron fertilization may result in greater yields due to its plant requirement and 
significant translocation during pollination, especially in the presence of potassium fertilization 
(Bender et al, 2013a, Woodruf et al., 1987). While individual nutrient contributions from premium 
fertilizers to differences in yield would be difficult to isolate, the use of premium fertilizers in a 
systematic approach warrants exploration of their potential role in crop management. 
 
Nitrogen 
Nitrogen (N) is the nutrient required in the greatest quantity for corn grain production (Bender 
et al., 2013b) and is the most commonly and severely limiting nutrient for grain production in the 
U.S. Corn Belt (Ciampitti and Vyn, 2012). Nitrogen is required in large amounts by plants, as it is 
an important component of plant amino acids and proteins, but is often limited in non-legumes that 
lack the ability to convert atmospheric nitrogen to a useable form (Welch, 1979). Sidedress N 
applications were effective at increasing grain yield, especially at increased plant populations in 
corn (Ciampitti and Vyn, 2011). Hauck (1984) indicated that there are multiple approaches to 
applying N fertilizer efficiently, including using split applications, adding urea-based fertilizers 
directly before a heavy rain, and using other N sources that will not lose as much N due to 
volatilization. Nitrogen fertilizer additives provide growers with options to extend the availability 
of N nutrition to their crops, where the likelihood of economically significant yield responses is 
highly dependent upon rainfall, application methods, timing, and soil characteristics such as soil 
texture (Franzen, 2011). Nitrogen demands of corn have been reported to be greater when plants 
have increased biomass (Shapiro and Wortmann, 2006) and will become increasingly important 
as average plant populations continue to increase in the United States (USDA-NASS, 2017b). Due 
to the large N requirement to make protein, soybean uses more N per bushel than corn, but N 
fertilizer applications are generally not recommended for soybean since N fertilizer applications 




soybean can have limited responses to N fertilizer applications, the majority of N for plant demands 
comes from the soil and via a symbiotic relationship with Bradyrhizobium where N is fixed from 
the atmosphere to aid in plant utilization (Mann, 2017; Salvagiotti et al., 2008).  
 
Plant population 
Plant populations have risen proportionally to overall increases of corn yield by approximately 
300 plants ac-1 per year in the Central Corn Belt of the United States since the 1960’s (USDA-
NASS, 2017b). The current average plant harvest population is just under 32,000 plants per acre 
for the central Corn Belt “I” states, with more productive and managed fields often seeded at higher 
planting densities. Yield is calculated as a function of plants per area, seeds per plant, and 
individual seed weight. Since seed number per plant and seed weight are primarily affected by 
environmental conditions after initial agronomic management factors are implemented such as 
nutrient applications, adequate weed control, or proper seed placement, the yield component factor 
in a grower’s greatest control is seeding plant population. Suboptimal plant populations directly 
limit the crop yield potential in a given environment, where maximum yield occurs when the 
spatial plant density allows for rapid development of the leaf canopy to provide maximum total 
leaf area and leaf area index and thus maximum interception of solar radiation as early as possible 
in the growing season (Lobell et al., 2009). Since final plant population is directly related to how 
many plants are planted, increasing the planting population allows for greater yield potential if 
other agronomic and environmental factors are not limiting. Increasing plant populations will 
likely require greater management and fertility to support the greater number of plants per area 
(Ciampitti and Vyn, 2012). Greater yield potential is directly related to modern genetics being able 
to tolerate the stresses associated with higher plant populations (Carlone and Russell, 1987; 
Ciampitti and Vyn, 2012; Duvick, 1997; Sangoi et al., 2002; Tokatlidis and Koutroubas, 2004; 
Hammer et al., 2009). Plant population yield responses differ with crop species, where crops such 
as soybean have been found to have increased plasticity, or are relatively less yield-responsive to 
changes from the standard plant population due to their physiological nature compared to other 








While corn yield advancements can be attributed to a combination of enhanced genetics and 
management, the basis for specific yield increases in soybean are less clear, but may include 
selecting for extended seed filling periods of longer relative maturity varieties among other 
variables (Egli, 2008). Soybean cultivars are classified into maturity groups (MGs) based on their 
estimated time of crop maturity and their developmental response to day length. Early maturing 
soybean genotypes adapted to the most northern regions of the United States are considered 
indeterminate, a growth habit conducive to continued vegetative growth during initial reproductive 
development. Producers select potential varieties by reviewing local yield trial results that 
frequently vary by as much as 25 bushels ac-1 within a similar MG (Ames et al., 2016). 
Furthermore, yield potential typically increases as soybean maturity lengthens, suggesting that 
later maturing varieties may be more responsive to supplemental agronomic management that 
maximizes growth during reproductive development (Edwards et al., 2005). The ability of a 
grower to select for longer maturity groups for an area depends on their current maturity group for 
their area, and whether they can plant earlier.  
 
Seed treatment 
One method that has allowed producers to plant earlier without sacrificing a reduction in plant 
stands from less favorable field conditions is the incorporation of a seed treatment (Gaspar et al., 
2017). Expanded adoption of soybean seed treatments has occurred the past 15 years (Munkvold, 
2009), where as much as 50% of current acreage of primary soybean growing areas in the U.S. is 
planted with a fungicide, insecticide, and/or nematicide seed treatment (Yang, 2009). Although 
the benefits are not always consistent, seed treatments have demonstrated the potential for 
improved yield and in some cases grower profit (Bradley, 2007; Gaspar et al., 2014; Gaspar et al., 
2017, Munkvold, 2009; Orlowski et al., 2016, Popp et al., 2010). The likelihood of a positive yield 
response with seed treatment generally increases during cool and wet conditions resulting from 
early planting and also in soils with known seedling disease pressure from pathogens such as 
Pythium spp., Phytopthora sojae, Fusarium spp., and Rhizoctonia solani (Bradley, 2012). 
Thiamethoxam insecticide seed treatment has been shown to hold insect pressure such as aphids 
below economic thresholds for a longer period of time than older insecticide formulations, 




such as aphids, whiteflies, thrips, Colorado potato beetles, flea beetles, wireworms, leaf miners as 
well as some Lepidopterous species (Elbert et al., 2008; Magalhaes et al., 2009; Maienfisch et al., 
2001). Soybean is more susceptible to soybean cyst nematode (Heterodera glycines) in rotations 
with less consecutive years of a non-host crop (i.e. multiple years of corn), hence in a corn-soybean 
rotation the importance of nematode control with seed treatments may be greater (Sasser and 
Uzzell, 1991). It is largely unknown; however, if recent seed treatment innovations (i.e., with 
insecticidal and nematicidal control properties) when optimized with supplemental agronomic 
management lead to enhanced seed treatment performance. 
 
Row Spacing 
A major decision at planting time is row spacing, which has decreased over time. Currently, 
30 inches is the most common row width for corn across most of the United States. While wider 
rows were once more common (especially in sandy, drought-prone areas of other countries, or with 
horse drawn implements), advancements in technology and mechanization has allowed for more 
precise placement and arrangement of seeds into narrower row spacings. Multiple studies have 
shown that there are additional opportunities to increase yield by further decreasing row widths to 
less than 30 inches in both corn and soybean (De Bruin and Pedersen, 2008; Herbert and Litchfield, 
1982; Shapiro and Wortmann, 2006; Wax and Pendleton, 1968). Often these yield enhancements 
are due to increased photosynthesis and decreased stress during critical yield determining stages 
(Andrade et al., 2002; Board and Harville, 1996; Herbert and Litchfield, 1982; Sharratt and 
McWilliams, 2005); however, other studies have indicated that narrower row spacing may require 
additional agronomic management or inputs such as increased nutrients or plant populations (Cox 
and Cherney, 2001; Porter et al., 1997). 
 
Foliar protection 
To protect yield, application of foliar fungicides and insecticides on corn and soybean serve as 
a pest management tool, and more recently are recognized for their potential beneficial plant 
physiological effects even in the absence of disease pathogens (Bartlett et al., 2002; Holmes and 
Rueber, 2006; Venancio et al., 2003; Jeschke and Doerge, 2010). Variable yield responses from 
these applications have been associated with non-fungicidal physiological effects (Bradley and 




personnel to recommend applications only after assessment of the current pathogen level and 
environmental conditions (Bradley, 2007). Despite low levels of disease pressure in a study by 
Swoboda and Pedersen (2009), significant increases in seed mass and seed number were reported 
when fungicidal applications occurred during the R3 growth stage in soybean. Foliar fungicides 
used on soybean are primarily the quinone outside inhibiting (QoI) class of fungicides (Fungicide 
Resistance Action Committee [FRAC] group 11), while other products target different modes of 
action such as demethylation inhibitor (DMI, FRAC group 3) and succinate dehydrogenase (SDHI, 
FRAC group 7) that provide broad-spectrum control of foliar fungal diseases (Kandel et al., 2016). 
Some classes of fungicides such as that of strobilurins have been documented to increase yields 
even in the absence of disease due to a ‘greening effect’ (Bartlett et al., 2002). While the exact 
causes of the greening effect are not known, it is hypothesized to be effected from a variety of 
plant physiological processes, or when compared to other fungicides, may prevent the spores of 
pathogenic, non-pathogenic and saprophytic fungi germination which would lead to leaf necrosis 
of the host plant (Bartlett et al., 2002). In a separate study, it was determined that approximately 
60% of soybean yield (seed and pod number) was located in the middle of the plant, (R. Bender, 
pers. comm.; Herbert and Litchfield 1982). Foliar treatments applied at the R3 growth stage to 
soybean, targets proximal leaflets that supply photoassimilates to developing reproductive 
structures, which end up in the middle of the plant canopy by maturity.  
Foliar fungicide applications can often be tank mixed with other products such as insecticides, 
thus allowing producers to treat multiple pests with one application. Generally scouting for a pest 
and selecting the most appropriate pesticide would be recommended; however, if producers are 
making planned foliar applications of one product for a specified pest, they will often add another 
product if it is labeled for multiple anticipated pests for reduced risk as the cost recovery of a 
product alone may be relatively inexpensive compared to the potential loss in yield. Kandel et al. 
(2016) had indicated that while not consistent across all locations, a tank mix of fungicide and 
insecticide provided greater opportunity for increased profitability than when either fungicide or 
insecticide was used individually.  
 
Synergies of factors working together 
One of the most recognized concepts when it comes to fertility or agronomic management is 




are regulated by the factor in greatest limitation, and yields can be increased only by correction of 
that limiting factor (Paris, 1992; Van der Ploeg, 1999; Wallace, 1993). Another concept that is not 
as well recognized is the Law of the Maximum, which states that the effect of a given input is 
magnified as other factors are corrected where the final result is greater than the sum of the effects 
of individual inputs because they interact (Wallace, 1993). Several synergies, or additive effects 
can occur when multiple agronomic factors are applied in unison. Ruske et al. (2003) found that 
strobilurin fungicides can increase soil N uptake of wheat and reduce the risk of leaching following 
harvest. Aside from improving the uptake of N, strobilurins have been shown to increase grain N 
yields and increase N harvest index due to increases in net remobilization of N from vegetative 
tissues to the grain after anthesis (Ruske, 2003). Potassium has also been shown to combat adverse 
environmental and biotic effects such as drought, frost, and insect and disease damage through 
regulation of water within plant cells and activation of enzymes that moderate metabolic processes 
for production of proteins and sugars (Johnston, 2003).  Furthermore, N applications have been 
shown to increase root growth and the ability to absorb and translocate P, resulting in greater P 
uptake and greater yields than when N is not applied with P (Fageria, 2001).  
 
Economic analysis 
Many management practices are implemented to increase yield; however, the change in yield 
needs to pay for the change in management. Corn and soybean producers are following a period 
of high commodity prices with average annual corn and soybean prices exceeding 6 and 14 dollars 
per bushel, respectively, a couple of years prior to this research, and are looking at ways to 
maximize yield with various management inputs. Average annual cash grain prices for corn and 
soybean across the United States ranged from $3.70 to $3.36 and $10.10 to $8.95 per bushel for 
corn and soybean respectively in the years of 2014 through 2016 (USDA-NASS. 2016b; USDA-
NASS. 2016c). Within a given year, average monthly price volatility ranged from $1.22 and $0.23 
for corn and $4.43 to $1.62 per bushel for soybean depending on the month it was sold. While 
examples of input prices are not given, the prices for individual inputs is highly variable, partially 
due to volume and cash discounts, individual dealer discounts, and products and services bundling 
discounts. Evaluating economics to a broad audience is extremely complex and variable, as the 
individual input prices can vary drastically from one region to the next, and income generated is 




The objective of this research was to evaluate the individual and synergistic contributions of 
five agronomic factors on corn yield: fertility, sidedress N, plant population, foliar protection, and 
row spacing. Additionally, five primary enhanced agronomic management factors for soybean 
yield were evaluated: fertility, varietal selection based on relative maturity, foliar fungicidal and 
insecticidal protection, seed treatment, and row spacing. Furthermore, yield components (seed 
number and seed weight), and grain quality [protein, oil, and starch (corn only)] were assessed as 
a means to determine the effect of each management factor on crop development and grain yield. 
The importance of supplemental agronomic management is predicted to be greater with narrow 
row spacing (e.g., 20 in. vs. 30 in.) in both crops, as a result of a greater yield potential. Also, we 
hypothesize that the fuller season soybean variety (by relative maturity) may respond better to 
agronomic management, taking advantage of a longer growing period. The agronomic 
management trials were conducted using a partial factorial addition/omission plot design 
previously described by Ruffo et al. (2015) as having multiple benefits over standard factorial 
designs, especially when comparing specific predetermined treatments of interest. 
 
MATERIALS AND METHODS 
Field characteristics 
Eleven soybean and nine corn trials were conducted at the University of Illinois Crop Sciences 
Research and Education Center in Champaign, IL (40.045850 N -88.235709 W), and at 
collaborating farmer’s fields near Harrisburg (37.723285 N -88.437625 W) and DeKalb 
(41.784291 N -88.846010 W) IL. Soybean was planted in years 2014 and 2015 while corn was 
planted from 2014 through 2016. Soybean followed a previous corn crop while corn followed a 
previous soybean crop. Research plots near DeKalb were located on Drummer silty clay loam or 
Elburn silt loam soils which had a higher organic matter content than for soils at the other two 
locations. Soil samples were taken from a depth of 0 to 6 inches and combined from 10-15 soil 
probe cores prior to planting each trial and analyzed using the Mehlich III Inductively coupled 
plasma (ICP) extraction method from a commercial soil testing laboratory (A&L Great Lakes 
Laboratories, Fort Wayne, IN), which is one of the recommended chemical soil test procedures for 
the North Central Region (Warncke and Brown, 1998). The Champaign site, primarily located on 
Flanagan silt loam with 0 to 2 percent slopes had medium to high levels of P based on spring soil 




location due to theorized lower fertility levels of the Harco silt loam and Patton silty clay loam, 
these locations had nearly the same level of soil P but slightly lower level of organic matter (OM) 
(Table 1.2). Tillage practices were reflective of the grower and farm operation that the trials were 
conducted upon, but were generally classified as conventional deep ripping followed by field 
cultivation tillage in DeKalb and Champaign, and conservation vertical tillage in Harrisburg.  
 
Overall management and planting 
Synergies between several management practices were evaluated when combined under 
Intensive management systems, or the consequences of not including or minimizing a particular 
factor and the impact that it contributes in both Standard and Intensive management systems. The 
major management factors that were evaluated in Illinois are P and K fertility, foliar protection, 
sidedress nitrogen (corn only), plant population (corn only), relative maturity (soybean only), seed 
treatment (soybean only), and row spacing. Corn hybrids for each trial were selected as per seed 
company recommendations for the locations (Table 1.3), but population was varied as a treatment. 
Soybean varieties were overplanted by 8% to achieve a target population of approximately 160,000 
plants ac-1, but relative maturities were compared at each location. Both corn and soybean trials 
were planted using a precision research plot planter (Seed Pro 360 with sky trip GPS, ALMACO, 
Nevada, IA) that was capable of planting 20- and 30-inch row spacings. The tractor was side 
shifted 10 inches for the 20-inch row spacings so that crop rows were not planted in the tractor tire 
tracks. Planting dates for corn and soybean ranged from late April to early June across all the site-
years and are reflective of typical planting date ranges for the region (Tables 1.3 and 1.4). All corn 
plots received an in-furrow application of Force 3G (3% Tefluthrin, AMVAC, Los Angeles, CA) 
soil insecticide at planting at a rate of 0.132 to 0.165 lb a.i. ac-1. Weed control consisted of pre-
emergence and post-emergence applications of commercially available herbicides to prevent 
weeds from confounding treatment results (Tables 1.5 and 1.6). Both the fertilizing and planting 









Enhanced management factors 
Corn: 
Phosphorus and potassium fertility 
Four treatments consisting of: either natural fertility (no applied fertilizer), premium P 
fertilizer, premium K fertilizer, or a combination of P and K fertilizer were evaluated. The P 
fertilizer source was MicroEssentials SZ (12-40-0-10S-1Zn; The Mosaic Company, Plymouth, 
MN) applied at 100 lb P2O5 ac
-1 (i.e., 250 lb of product ac–1) to supply the P, S, and Zn nutrition 
required to produce approximately 200 to 250 bu ac-1 grain yield in corn. It was applied in a 
subsurface band 4 to 6 inches below the crop row immediately prior to planting using a four-row 
research-scale fertilizer toolbar. This three-point mounted toolbar was constructed by the 
University of Illinois Crop Physiology Laboratory using row units (DAWN 6000 Universal 
Fertilizer Applicator, Dawn Equipment, Sycamore, IL), mounted to a telescoping toolbar capable 
of adjusting to multiple row widths and used a Gandy Orbit-Air Applicator (Gandy Company, 
Owatonna, MN) to meter dry fertilizer sources. The toolbar was pulled through all plots to 
eliminate any potential banding effects from soil disturbance between the fertilized and 
unfertilized plots. The premium potassium fertilizer, Aspire (0-0-58-0.5B; The Mosaic Company, 
Plymouth, MN) was broadcast applied at a rate of 75 lb K2O ac
-1 (i.e., 129 lb of product ac-1) to 
supply K and boron (B) nutrition.  Broadcast fertilizer was applied prior to planting using a Kubota 
RTV1100 all-terrain vehicle (Kubota Tractor Corporation, Torrance, CA) carrying a research scale 
broadcast spinner spreader (Earthway Products Inc., Bristol, IN) and incorporated with a drag 
harrow (King Kutter Inc., Winfield, AL). The Standard management systems did not include either 
the P or K fertilizer. In contrast, the Intensive management systems supplied both P and K, and 
also included 5 gal ac-1 ammonium poly phosphate (APP: 10-34-0) plus 1 quart ac-1 of Ultra-Che 
Zinc 9% EDTA (7-0-0-9Zn; WinField United, Shoreview, MN) in 2016.  
 
Nitrogen 
A base nitrogen rate of 160 lbs N ac-1 as urea ammonium nitrate (UAN, CO(NH2)2 + NH4NO3 
+ H2O, 28-0-0) was applied preplant and incorporated with a finishing tillage pass at Champaign 
while the DeKalb site’s base rate consisted of 160 lbs N ac-1 as Urea (CO(NH2)2,  46-0-0) 
incorporated with a harrow. Sidedress applications of 80 lbs N ac-1 as Agrotain Ultra (2014 only, 




Services LLC, Wichita, KS) or Limus (3 qt per ton of urea, 16.88% N-(n-butyl) thiophosphoric 
triamide [NBPT], 5.63% N-(n-propyl) thiophosphoric triamide [NPPT]; BASF, Florham Park, NJ) 
coated urea were broadcast applied between the rows by hand at approximately the V6 growth 
stage (Table 1.3). The Standard management systems only received the base 160 lbs N ac-1 rate 
while the Intensive systems supplemented the base rate with the sidedress N. Treatments receiving 
MicroEssentials SZ fertilizer supplied an additional 30 lbs N ac-1, although this N was not balanced 
as part of the base N rate. 
 
Plant population 
Planting rates for the Standard management system in corn targeted a final stand of 32,000 
plants per acre by planting approximately 5% over this target population. In contrast, the Intensive 
management planting density treatments targeted 44,000 plants per acre. While both 20- and 30- 
inch row spacings were used with each plant population, the designations of Standard versus 
Intensive management systems refer to 32,000 plants per acre and 44,000 plants per acre, 
respectively. Final plant densities were tallied by manually counting one row of harvestable ears 
within each plot. 
 
Foliar protection 
Foliar protection evaluation consisted primarily of a prophylactic fungicide application, but 
the source of fungicide and tank mixes varied depending on the year. Primary applications were 
made once tassels were emerged (VT/R1) using a pressurized CO2 back-pack sprayer. The center 
two rows of each plot were treated with a spray volume of 15 gallons ac-1 and application dates 
are shown in Table 1.3. The DeKalb (hybrids starting with DKC) and Croplan (hybrids starting 
with a number) germplasm experiments received applications of the fungicide Headline AMP 
(16.4% Pyraclostrobin + 5.14% Metconazole; BASF, Florham Park, NJ), which was applied at a 
14.4 oz ac-1 rate and was tank mixed with a deposition aid (2015 and 2016 only) of 6.4 oz ac-1 of 
Masterlock (Modified vegetable oil, polyoxyethylene sorbitan fatty acid ester, vegetable oil and 
soybean oil ethoxylated; WinField United, Shoreview, MN). The trials employing Golden Harvest 
germplasm (hybrids starting with a G) instead received at VT an application of 14.4 oz ac-1 of 
Headline AMP in 2014. In 2015, additional evaluations included a combination of V5 plus VT 




Greensboro, NC) plus 0.125% volume per volume FS AquaSupreme (premium nonionic 
surfactant, 90% Alkyl polyethoxy ethers, ethoxylated and soybean oil derivatives; Growmark, 
Bloomington, IL) and (at V5 only) 4.1 oz ac-1 Solatenol (Trivapro Component A, 10.27% 
Benzovindiflupyr; Syngenta, Greensboro, NC). In 2016, Trivapro (Syngenta, Greensboro, NC) 
components A (10.27% Benzovindiflupyr) and B (13.5% Azoxystrobin + 11.7% Propiconazole) 
were applied at 4 and 10.5 oz ac-1, respectively, in addition to being tank mixed with 0.125% 
volume per volume FS AquaSupreme and 1.6 oz ac-1 of Warrior II insecticide [22.8% Lambda-
cyhalothrin (synthetic pyrethroid)] at the VT growth stage. To simplify data analysis, these 
fungicide applications were collectively named ‘foliar protection’, regardless of source, and used 




Phosphorus and potassium fertility 
Similar to corn, four fertility treatments consisting of either natural fertility (no applied 
fertilizer), premium P fertilizer, premium K fertilizer, or a combination of P and K fertilizer were 
evaluated. The P fertilizer source MicroEssentials SZ (12-40-0-10S-1Zn; The Mosaic Company, 
Plymouth, MN) was subsurface banded 4-6 inches below the crop row at 75 lb P2O5 ac
–1 (i.e., 
187.5 lb of product ac–1) rate to supply the P, S, and Zn nutrition required to produce approximately 
75 to 100 bu ac-1 grain yield in soybean. The premium K fertilizer, Aspire (0-0-58-0.5B; The 
Mosaic Company, Plymouth, MN) was broadcast applied at a rate of 75 lb K2O ac
-1 (i.e., 129 lb 
of product ac-1) to supply K and B nutrition. The Standard management systems did not include 
either the P or K fertilizer, while the Intensive management systems supplied both P and K. 
 
Variety 
At each location, a variety of early or normal maturity for the region (labeled as ‘early-season’) 
versus a variety of later maturity for the region (labeled as ‘full-season’) were evaluated across all 
management treatments (Table 1.4). Variety maturities varied in length for each location and year, 
where at the northern most site, DeKalb, relative maturities (RM) of 2.5-3.6 in 2015 were planted, 




RM’s of 4.6-5.2 and 4.0-4.5 in 2014 and 2015 respectively. On average, the full-season variety 
was about 0.3 RM units greater than the early-season variety. 
 
Foliar protection 
In soybean, foliar fungicide and insecticide were jointly applied prophylactically and active 
ingredients varied with year. The trials using Syngenta germplasm (varieties starting with S) 
evaluated 10.5 oz ac-1 Quilt Xcel (13.5% Azoxystrobin + 11.7% Propiconazole) (Syngenta, 
Greensboro, NC) and 3.5 oz ac-1 Endigo ZC (9.48% Lambda-cyhalothrin + 12.6% Thiamethoxam) 
(Syngenta, Greensboro, NC) as the fungicide and insecticide, respectively in 2014. In 2015, the 
Syngenta germplasm associated experiments received foliar treatments consisting of 7 oz ac-1 of 
Quadris Top SBX (19.8% Azoxystrobin + 19.8% Difenoconazole) (Syngenta, Greensboro, NC) 
fungicide and 3.5 oz ac-1 of Endigo ZC insecticide. The Asgrow (varieties starting with AG) and 
Croplan (varieties starting with R2) germplasm experiments included 8 oz ac-1 of the fungicide 
Priaxor (Fluxapyroxad + 28.58% Pyraclostrobin) (BASF, Florham Park, New Jersey) and 2.4 oz 
ac-1 of the insecticide Fastac EC (10.9% alpha-cypermethrin) (BASF, Florham Park, New Jersey). 
In 2015, Priaxor and Fastac EC foliar applications were tank mixed with 6.4 oz ac-1 of Masterlock 
(100% Modified vegetable oil, polyoxyethylene sorbitan fatty acid ester, vegetable oil, and 
soybean oil, ethoxylated) (WinField United, Shoreview, MN) while the Quadris Top SBX 
applications were tank mixed with 0.125% v/v rate of nonionic surfactant (NIS) (FS 
AquaSupreme: 90% Alkyl polyethoxy ethers, ethoxylated and soybean oil derivatives) 
(Growmark, Bloomington, IL). Applications were made at the beginning of pod development (R3 
growth stage [3/16 inch long pods developing within the four uppermost nodes; Licht, 2014]) using 
a pressurized CO2 back-pack sprayer. The center two rows of each plot were treated with a spray 
volume of 15 gallons ac-1 and application dates are shown in Tables 1.3 and 1.4. To simplify data 
analysis, these foliar applications were collectively named ‘foliar protection’, regardless of source, 
and used for the Intensive system management, while the Standard system had none of these foliar 
fungicides or insecticides applied. 
 
Seed treatment 
Basic and advanced seed treatment (ST) packages were compared in each of the trials; 




Seed was obtained already treated with a base or an advanced level of seed treatments. Asgrow 
seed evaluations compared untreated ‘naked’ seed containing no seed treatment as the basic 
treatment, to Acceleron fungicide treated seed as the advanced seed treatment.  
In 2014 the Syngenta seeds compared a base fungicide-only seed treatment Apron Maxx 
(Mefenoxam + Fludioxonil) to a more comprehensive seed treatment that included the Clariva 
Complete Beans treatment package plus Vibrance (CruiserMaxx Advanced + Clariva PN 
Nematicide + Vibrance) (fungicide + nematicide + insecticide: Thiamethoxam + Mefenoxam + 
Fludioxonil + Pasteuria nishizawaue-Pn1 + Sedaxane). In 2015, these Syngenta seed comparisons 
added Vibrance insecticide to the base seed treatment and Mertect fungicide to the advanced seed 
treatment for additional protection against diseases. The 2015 Syngenta seed treatment packages 
in total consisted of a base seed treatment of Apron Maxx + Vibrance (fungicide + insecticide: 
Mefenoxam + Fludioxonil + Sedaxane) while the comprehensive seed treatment included Clariva 
Complete plus Vibrance and Mertect (CruiserMaxx Advanced + Clariva PN Nematicide + 
Vibrance + Mertect) (fungicide + nematicide + insecticide: Thiamethoxam + Mefenoxam + 
Fludioxonil + Pasteuria nishizawaue-Pn1 + Sedaxane + Thiabendazole). 
Additionally, evaluations of WinField United Croplan seeds, compared untreated ‘naked’ seed 
with no seed treatment as the base seed treatment to seeds treated with Warden CX (Fungicide + 
Insecticide: Mefenoxam + Fludioxonil + Sedaxane + Thiamethoxam). 
 
Harvest 
Prior to harvest, stand counts were conducted in corn to determine the final plant population 
of the plots. At harvest, the center two rows of each plot were harvested with a combine (SPC40, 
ALMACO, Nevada, IA) to determine grain weight and harvest moisture. Soybean was harvested 
with a standard reel platform head, while corn was harvested with either a 20 or 30 inch corn head 
depending on the row spacing. Grain yield is expressed as bu ac-1 at 15.5% or 13% moisture for 
corn and soybean respectively. A grain subsample from each plot was analyzed for quality 
constituents (protein and oil concentrations) using near-infrared transmittance spectroscopy 
(Infratec 1241 Grain Analyzer; FOSS, Denmark) and for the determination of individual dry (i.e., 
0% moisture) seed weight and seed number. Average individual seed weight was estimated by 




by dividing the grain yield by the average individual seed weight for each plot. Grain harvest dates 
are shown in Tables 1.3 and 1.4.  
 
Statistical analysis 
The studies were designed as a randomized complete block with six replications, with 
treatments evaluated as an incomplete factorial design (Tables 1.7 and 1.8). Grain yield and yield 
components were analyzed using PROC MIXED in SAS (SAS Institute, 2009; Version 9.4; SAS 
Institute Inc., Cary, NC) and significance was declared at P ≤ 0.05 unless otherwise noted. PROC 
UNIVARIATE was used to determine potential outliers and assess normality of residuals. An 
experimental unit consisted of four row plots, 40 feet in length with 20 or 30 inch spacing. The 
two center rows of each plot were used for post emergence treatment applications and final grain 
yield assessment. Soybean variety RM (n=2), row spacing (n=2), and enhanced agronomic 
management treatment (n=12) and their interactions were included in the model as fixed effects 
while row spacing (n=2), enhanced agronomic management treatment (n=14), and their 
interactions were tested for corn. Location, replication, and seed provider (i.e., Monsanto/BASF, 
Syngenta or WinField United) were included as random effects for both crops. To test for synergy 
among treatments, a 95% confidence interval was calculated for the differences between yields of 
the Intensive and Standard controls. These confidence intervals were compared against the sum of 
the yield difference between the supplemented treatments [+ P, + K, + Foliar, + ST and + row 
spacing (only for the 20 inch Intensive vs. 30 inch Standard management comparison)], if 
statistically significant, and the Standard control. A synergy from management systems would be 
observed if the sum of significant individual management factors is less than the lower range of 
the confidence interval from the change in yield from management systems. 
 
Economic analysis 
A basic economic evaluation of which management practice(s) provided the greatest rate of 
return was estimated. Since treatments were averaged over years, a conservative average corn and 
soybean price of $3.50 and $9.50 per bushel, respectively, was used for analyses, despite higher 
grain prices over $7 per bushel for corn and $16 per bushel for soybean observed within the last 
five years (Farmdoc, 2018a; Farmdoc, 2018b; USDA-NASS. 2016b; USDA-NASS. 2016c). 




price per bushel. From this income, the treatment input cost(s) are subtracted to determine the 
revenue generated or lost from implementing a management practice. Product application costs 
were not included in the analysis since some growers may have preplanned applications of other 
products. Similarly to grain prices, input prices have been decreasing in recent years. Historical 
(back to 2014) to current input costs were gathered from a local cooperative in central Illinois (H. 
Brown, pers. comm.), and an approximate rounded average of input prices were used. Fertilizer 
prices used (per pound N, P2O5, or K2O) were 50¢ for 28% UAN, 40¢ for urea, 75¢ for 
MicroEssentials SZ, and 50¢ for Aspire. Chemical prices used were $75.00 per gal for Agrotain 
Ultra or $90.00 per gal for Limus. Cost per acre for foliar protection was $30.00 for Headline 
AMP, $17.50 for Quilt Xcel, $20.00 for Trivapro, $2.5 for Masterlock, $0.90 for Aqua Supreme, 
and $4.00 for Warrior II. Finally, corn seed price per bag was $320 for the fully traited seed (80,000 
seeds per bag). Over all corn experiments, the average cost for Standard management (seed and 
base nitrogen) was $214.00 per acre. The corn Intensive management package total cost was 
$450.00 per acre, or $235.60 more than the Standard management. Costs for the individual 
treatment components of the Intensive management system per acre for MicroEssentials SZ, 
Aspire, nitrogen (sidedress), greater plant population, and foliar protection were $75.00, $37.50, 
$37.54, $50.80, and $35.16 per acre respectively. 
Soybean input costs consisted of seed, seed treatment, fertility, and foliar protection. Seed costs 
were estimated at $60.00 per 140,000-unit of soybean seed. Seed treatments of Apron Maxx, 
Clariva Complete, Acceleron, and Warden CX were $3.00, $13.00, $5.50, and $12.50 respectively 
per unit of seed. Cost per acre for soybean foliar protection consisted of $17.50 for Quilt Xcel, 
$17.50 for Quadris Top SBX, $35.00 for Priaxor, $5.00 for Endigo ZC, $2.50 for Fastac EC, $2.50 
for Masterlock and $0.90 for Aqua Supreme. Averaged over all experiments, the average Standard 
management system costs was $75.42 per acre, while the Intensive management cost was $213.00 
per acre. The soybean Intensive management package total cost was $137.58 more than the 
Standard management, or the equivalent of 14.5 bu ac-1. Individual soybean Intensive management 
treatment components cost per acre for MicroEssentials SZ, Aspire, foliar protection, and seed 





RESULTS AND DISCUSSION 
The weather conditions in 2014 were characterized as below-average in temperature and 
above-average in precipitation throughout much of the growing season (Table 1.9). As a result, 
corn and soybean grown in central and southern Illinois experienced very little weather-induced 
heat or moisture stress.  
In 2015, Illinois experienced a warm April and May, and cooler than average June, July, and 
August. May had slightly above average rainfall recorded in DeKalb and Champaign, and slightly 
below average rainfall fell in Harrisburg, but in June, the whole state of Illinois experienced record 
amounts of rainfall (records dating back to 1886), with DeKalb, Champaign, and Harrisburg each 
receiving 4, 5, and 4 inches above normal, respectively. Harrisburg continued to receive greater 
than average rainfall through July, although August was drier than average. July and August were 
dry for Champaign and DeKalb in 2015, with good pollination and grain-filling conditions. The 
2014 and 2015 production years experienced near ideal conditions with crop planting, emergence, 
and season-long corn and soybean development progress reports ahead of the five-year average 
(Figures 1.1 and 1.2; USDA-NASS, 2015).  
Although the 2016 crop growing season experienced average temperatures and precipitation 
throughout much of the year, above average temperatures and slightly below average rainfall in 
late July and early August resulted in above-average crop condition ratings following a very wet 
June (Table 1.9 and Figure 1.3; USDA-NASS, 2016a). 
 
Corn:  
Effect of row spacing in corn 
Row spacing (i.e., 30 in. vs. 20 in.) markedly influenced corn grain yield and yield components 
during the nine site-years (Tables 1.10 and 1.11). The main effect of narrow rows improved yield 
by nearly 6% (12.4 bu ac-1) across all locations and also had a significant (P < 0.0001) impact at 
retaining a greater final plant stand compared to wider 30 inch row spacings (Tables 1.10 and 
1.11). Greater yields in 20 inch row spacings were driven from an increase in seed number, despite 
having slightly lower seed weights (Table 1.11). The plants in the narrower rows have less intra-
row plant to plant competition, thereby allowing them to better compete for scarce resources such 
as light, water and/or nutrients, especially during the yield determining growth stages during early 




Narrower 20 inch row spacings resulted in an 8.3 and 13.8 bu ac-1 yield increase over 30 inch 
rows in Standard and Intensive management systems respectively (Table 1.12). The Intensive 
management resulted in a 38.8 and 33.3 bu ac-1 yield response in 20 inch and 30 inch rows 
respectively, while changing from standard management 30 inch row system to a 20 inch Intensive 
management system resulted in a 47.1 bu ac-1 yield increase (Table 1.12).  The consistent yield 
increase of going to narrower row spacings would suggest that it is a profitable management 
practice, as this management change generally requires no additional expense aside from the initial 
capital equipment investment. While the yield increase from Standard to Intensive management 
(value of approximately $165 ac-1) did not cover the additional costs associated with the Intensive 
management program (approximately $236 ac-1), it indicates that greater yield potential can be 
realized, and would require fine-tuning the program to meet the individual field needs to produce 
profitable economic returns. These studies were not originally designed for an economic 
evaluation, as many management treatments use high or maximum rates of inputs to indicate 
potential biological yield responses and then, producers and their agronomists may choose to 
adjust rates based on individual field’s needs, product costs, or amortize costs over multiple years.  
Greater yields were observed in both 20 inch rows and Intensive management systems, which 
were driven by greater increases in seed number from Intensive management (806 seeds m-2) or 
narrower rows (286 seeds m-2) when compared to Standard management or wide rows (Table 
1.13). Barbieri et al. (2000) observed a close association between seed number and intercepted 
radiation when using narrow row spacings compared to conventional row spacings. Seed weights 
tended to decrease from narrower row spacings and Intensive management due to yield component 
compensation. Narrower row spacings and Intensive management both promoted a greater number 
of seeds per unit area, which would have been determined during early physiological growth 
stages, although, the only statistically significant (P < 0.01) seed weight decrease was due to 
changing from Standard to Intensive management under 20 inch row spacings (Table 1.14). This 
finding suggests that under highly managed narrow row conditions, there is greater potential for 
alleviating plant stress during grain fill in efforts to maintain or increase seed weight. 
 
Effect of P and K fertility in corn 
All P and K fertility treatments resulted in significant yield losses when left out of the Intensive 




thresholds for sufficiency, the premium P fertilizer source MicroEssentials SZ individual fertility 
treatment resulted in the most consistent yield changes, +10.5 and -10 bu ac-1, in the Standard and 
Intensive management systems, respectively (Table 1.15). While the contributions of other 
nutrients within the P fertilizer cannot be dismissed, Duncan and Ohlrogge (1958) documented 
that nutrients taken up by an individual root compared to nutrients taken up by different roots 
resulted in greater physiological capacity to absorb P. The combination of nutrients may have 
contributed to the increased final stand within the Standard management system, where greater 
nutrient availability likely influenced a more uniform and vigorous stand that resulted in less plant-
to-plant variation. Overall, preplant banded P applications set the potential for greater yield by 
inducing a greater number of seeds to be produced than in those plants not receiving P fertilizer, 
with little effect on seed weight. 
Potassium fertilizer did not affect grain yield or final plant stand under the Standard 
management system; however, omitting the premium K source did result in a 6.3 bushel ac-1 loss 
in yield within the Intensive management system (Table 1.15). The greater yield response to K 
fertilization in the Intensive management treatment was associated with greater seed weights, 
which is likely explained by the importance of K when using higher plant densities. As the number 
of plants per acre increases, there is a greater competition for nutrients and K plays a vital role in 
plant strength and harvestability (Bohling, 1975; Maria and Farina, 1984). While not statistically 
significant at alpha 0.05, final harvestable plant stands tended to decrease in both the Standard 
management and Intensive management systems in the absence of K fertilizer (Table 1.15). 
The combined P and K treatment resulted in a 12.7 bu ac-1 (5%, value of approximately $44 
ac-1) yield reduction when omitted from the Intensive management system, or increased yield by 
10.8 bu ac-1 (5%, value of approximately $40 ac-1) when added to the Standard management 
system. Yield increases from the individual P and K treatments were not additive to the yield 
response observed when the two treatments were added together; however, the P treatment 
contributed to the largest magnitude yield response in each management system. This is evident 
by the larger yield contribution of seed number as opposed to seed weight, which generally were 
affected by P and K treatments respectively (Table 1.15).  
While each of the nutrient inputs increased yields individually and when added together, none 
of the scenarios covered the expenses of the additional inputs ($75.00 ac-1 for MESZ, $37.50 ac-1 




be assessed as a multiyear approach where plants’ access to fertilizer can be as great or greater in 
successive years (Yin and Vyn, 2002; Sander et al., 1990; Randall et al., 2001). With the greater 
yields being removed in Intensive management systems when compared to Standard management 
systems, soil fertility levels will be reduced at faster rates and thus, the monitoring of nutrient 
inputs and soil supply is crucial. 
 
Effect of sidedress nitrogen in corn 
Sidedress nitrogen applications resulted in 8.8 bu ac-1 (4%) yield increase over the Standard 
management, while yields in the Intensive management system decreased by 8.2 bu ac-1 (3%) when 
nitrogen was withheld from the latter fertility program (Table 1.15). The optimal N application 
rate depends on the amount of N mineralized from the soil; however, the N application rates used 
in these trials are common rates used in Illinois, despite being greater than was recommended by 
the central Illinois Maximum Return To N (MRTN) website, where 40 to 50 cents per unit of 
nitrogen recommended a total economic nitrogen rate of 157-167 lbs of N ac-1 (Sawyer, 2018). 
The trend of less yield variation with sidedress nitrogen supply in the Intensive management 
system was likely partially due to the additional 30 lbs N per acre applied from MicroEssentials 
SZ. Moreover, the sidedress nitrogen additions to the Standard management system increased 
harvestable final plant stand by 824 plants per acre, which could likely be attributed to greater 
utilization of the applied N into the seed instead of remobilization from the plant, which weakens 
the stalks (Table 1.15) (Pommel et al., 2006). Sidedress N applications have been documented to 
increase late season N availability to the crop, but do not always result in greater yields than 
preplant nitrogen applications if initial N is present to prevent plant deficiencies prior to sidedress 
N applications (Binder et al., 2000). Sidedress N influenced yield in both Standard and Intensive 
managements by creating less stress during pollination and grain fill as observed from greater seed 
number and weight when this fertilization was included in both management systems (Table 1.15). 
While 10 to 11 bu ac-1 were required to recover the sidedress nitrogen and N stabilizer costs 
($37.54), growers may decide to change their N management programs to vary the total quantities 







Effect of plant population in corn 
The yield response from changing plant population varied with management system. 
Increasing the plant population in the Standard management system led to no, or slightly negative 
yield response; however, decreasing plant population in the Intensive management system 
significantly (P < 0.0001) decreased yield by 10.6 bu ac-1 (4%) (Table 1.15). The cost of the 
additional seed ($50.80 ac-1) did not cover the yield response (approximately $37 ac-1 in Intensive 
management) from increased plant density in either management system; however, understanding 
how an individual hybrid responds to management or plant population will be essential for 
selecting the best genetics for these management conditions, as hybrids vary in their response to 
management (Mastrodomenico et al, 2018). The greater yield change in the Intensive management 
system over that in the Standard management system indicates that greater planting densities need 
to be managed in order for the additional plants to have enough resources to produce grain, where 
simply increasing plant population with no additional management changes in a Standard 
management system can lead to greater plant stress due to limited resources. The importance of 
management is also supported by the results of the final plant stand numbers, where the Intensive 
management low plant population tended to be numerically greater than any of the Standard 
management plant populations, despite being planted at the same plant population. Furthermore, 
the Standard management high plant population tended to be lower than any of the Intensive 
management high plant populations (Table 1.15). Increasing plant densities was the most likely of 
all management practices to increase final grain number and decrease seed weight under both 
management systems, which should be expected as a greater number of plants would initiate a 
greater yield potential (i.e. progeny seed number). However, this increase in progeny seed number 
often results to some extent of yield-compensating reductions of seed weight later in the season. 
Additionally, a trend towards increased final stands were observed in narrower rows than wider 
30 inch rows, indicating that plants were less stressed as row spacing was narrowed (Tables 1.15 
and 1.16).  
 
Effect of foliar protection in corn 
The addition of foliar protection to the Standard management system resulted in a 7.3 bu ac-1 
yield increase, while omitting it from the Intensive management system led to a 7.9 bu ac-1 loss 




less air movement, the response of foliar protection was expected to be greater in narrower rows; 
however, the importance of foliar protection for yield was amplified in the 30-inch row systems 
(Table 1.16). While individual disease or insect ratings were not conducted, in general the presence 
of disease and insect pressure was observed to be relatively low, with the highest concentrations 
of corn rootworm beetles occurring in 2014 (Estes, 2016). Corn disease pressure varied by year, 
with greater infestations of northern corn leaf blight (Exserohilum turcicum) in 2015, and common 
rust (Puccinia sorghi) in 2016. Due to the minimal pest pressure, yield responses from foliar 
protection were not as great as if consistently greater insect and disease pressure were present 
across the trials, which partially explains why we did not see an economic return using this 
management practice (approximately $28 ac-1 gained compared to $35 ac-1 cost). Other factors 
need to be considered of whether fungicide applications are warranted on an individual farm basis, 
as some growers may choose to mitigate risk by trying to reduce lodging or poor late season 
standability of vulnerable hybrids if harvest is delayed. While not quantified, the strobilurin 
fungicides as were used in these trials did tend to have a greening effect that likely helped reduce 
plant stress later in the season as substantiated by creating heavier seed weights (Bartlett et al., 
2002; Tables 1.15 and 1.16). 
 
Effect of agronomic management on corn grain quality 
Grain quality assessments of grain moisture, protein, starch, and oil concentrations were each 
affected by agronomic management practices. Grain quality components were not included as part 
of the economic analysis, although it should be noted that often decreases in harvested grain 
moisture can result in savings to growers. The greater-yielding Intensive management plots had 
0.4 percent greater grain moisture than the Standard management at harvest, which corroborates 
findings such as those of Eta-Ndu and Openshaw (1992) and Mather and Kannenberg (1989), 
where greater yield is obtained by selecting fuller-season hybrids, but these hybrids have slower 
dry-down. Grain moisture was reduced in plants grown in the Standard management system that 
received additions of P, both P and K, and plant population by 0.4, 0.3, and 0.3 percent, 
respectively (Table 1.17). The finding of reduced grain moisture with additions of P is consistent 
with that of Armstrong (1999), where P fertilizer hastened maturity. Only P and foliar protection 
had consistent effects on grain moisture in both management systems. Jørgensen and Olesen 




the grain, which is consistent with these findings where foliar protection resulted in a 0.5 percent 
grain moisture increase in the Standard management system, while removing it from the Intensive 
management system resulted in a 0.8 percent decrease.  
Intensive management systems generally led to greater grain protein levels and decreased 
starch concentrations than when plants were grown under the Standard management systems. The 
management factors that had the greatest effects on grain protein concentrations were sidedress 
nitrogen and plant population, which has been substantiated with past research where increased 
nitrogen availability resulted in greater grain yields and protein (Bogard et al., 2010; Simmonds, 
1995). Adding sidedress nitrogen to the Standard management system resulted in a 0.3% increase 
in grain protein, while removing it from the Intensive management resulted in a 0.2% loss (Table 
1.17). Increased plant densities have been documented to increase yield at a given nitrogen rate, 
but decrease grain protein concentration (Lang et al., 1956; Zuber et al., 1954). Plant population 
increases inversely altered grain protein percentage by 0.2%, with a concurrent 0.2% increase of 
grain starch in Standard management, or a 0.4% decrease of starch level when plant populations 
were decreased in the Intensive management (Table 1.17). The literature supporting grain quality 
influences by P or K fertilization is much more limited; however, grain protein has been found to 
be increased from potassium fertilization despite no change in yield (Keeney, 1969). Additions of 
both P and K fertilizer also increased grain protein by 0.1%. Foliar protection inversely affected 
grain starch concentrations by 0.3% decrease or 0.2% increase in starch for Standard and Intensive 
management systems respectively, while oil levels tended to be the primary quality component 
compensating for changes in starch concentration. In both management systems, oil was increased 
by 0.1% when K was included as a management factor. 
 
Determination of synergy among treatments in corn 
Intensive management resulted in 38.8 and 33.3 bu ac-1 increase over Standard management in 
20 and 30 inch rows respectively, while narrower 20 inch row spacings resulted in 8.3 and 13.8 bu 
ac-1 greater yield than wider 30 inch rows for Standard and Intensive management respectively 
(Table 1.12). When changing management systems from a Standard 30 inch row program to an 
Intensive 20 inch row program, yield increased by over 47 bu ac-1 (Table 1.12). These significant 
yield differences warrant further explanation of the individual impact of management practices 




(µInt-µStd) due to management system in 20 and 30 inch rows, the average of the two row 
spacings, and the change in yield from Intensive management and narrow row spacing when 
compared to the 30 inch Standard management. The 95% confidence interval is shown in 
parentheses to compare whether the sum of significant individual management factors is 
statistically less than the yield difference between management systems. In the 20 inch row 
spacing, average, and 20-inch Intensive vs. 30-inch Standard comparisons, a synergy was found 
where combined practices in the Intensive management programs yielded more than by the 
additions of individual management practices to the Standard management system. Detecting 
synergies within the 30 inch row spacing was nearly significant at the alpha 0.05 level where the 
27.3 bu ac-1 yield increase from summed significant standard management practices was similar to 
the lower confidence interval of the Intensive minus Standard management program (Table 1.18). 
Additionally worth noting, synergies could be found in all four scenarios when all Standard 
management factors are considered, regardless of whether they had a statistically significant effect 
or not. The finding of synergies indicates that the yield contribution of each factor was greater 
when applied as part of a full complement of supplemental inputs than when added individually to 
the Standard input system, which was also found with similar treatments by Ruffo et al, (2015). 
The synergistic corn yield responses are primarily due to better management of a greater number 




Effect of row spacing in soybean 
Changes in row spacing, variety maturity, and enhanced agronomic management factors led to 
significant variation for grain yield in soybean (Table 1.19). Across eleven trials in Illinois during 
2014 and 2015, the average grain yield measured 77.3 bu ac-1 (Table 1.20). Narrower row spacing 
of 20 versus 30 inches resulted in a highly significant (P < 0.0001) yield increase of 6.4 bu ac-1 
(9%), the largest of any individual management factor when averaged over all the other 
management factors (Table 1.20). Using the narrower 20 inch rows under Standard management 
yielded 4.3 bu ac-1 (6%) greater than using 30 inch rows under Standard management; although, 
when compared under Intensive management, plants in narrower rows yielded 7.7 bu ac-1 (10%) 




from Intensive management compared to Standard management suggests a potential 
photoassimilate source limitation in which narrow rows without enhanced management prevented 
the successful filling of the greater number of seeds alone, despite increased light interception and 
net carbon fixation. This finding is corroborated by the greater number of seeds produced per area 
observed with narrower rows, combined with a modest individual seed weight decrease (Table 
1.20). It should be noted that aside from the initial capital equipment investment, narrow row 
spacing generally requires no additional expense at seeding and has been found to always be more 
profitable in other studies (Lambert and Lowenberg-DeBoer, 2003). Consistent with 19 site-years 
of previous yield data measured using a similar approach as this trial (data not shown), narrow row 
spacing never decreased yield, yet offered the potential upside of significantly greater yields in 
certain environments.  
While many management factors influence grain quality, Table 1.20 suggests that of the 
management factors evaluated, row spacing led to the largest change in grain quality. Twenty inch 
rows resulted in 0.6% greater grain moisture and 0.1% greater grain oil than 30 inch rows. 
However, the decreased grain protein detected from using narrower rows is often observed with 
higher-yielding treatments due to theorized competition between carbon and N for energy to 
produce protein and lipids over quantity of yield, or an N-dilution effect by carbon-based 
compounds (Acreche and Slafer, 2009; Munier-Jolain and Salon, 2005; Simmonds, 1995) (Table 
1.20). Greater grain moisture when using narrower rows may be a result of decreased air movement 
when compared to wider rows, or smaller seeds formed in pods that may respond more rapidly to 
daily sinusoidal environmental conditions due to smaller surface area ratio to volume per seed 
(Delouche, 1980; Harper et al., 1970).  
 
Effect of variety relative maturity in soybean 
Soybean varieties should be placed within their maturity group range for optimal yields, which 
has been one criteria for increasing soybean yields through breeding efforts to select for later-
maturing varieties within a given maturity group (Mourtzinis and Conley, 2017; Rincker et al., 
2014). Using full-season soybean varieties increased yields by 1.2 bu ac-1 (2%) (P < 0.0001) when 
averaged over all the other management factors studied (Tables 1.19 and 1.22). Yield increases 
from variety maturity lengthening were primarily driven by increases in seed number, with modest 




with any other management factor changes, suggesting that selecting fuller season varieties for the 
region adapts well across management practices. Furthermore, since there is usually no cost 
associated with selecting a fuller season variety for the region studied, this management decision 
provides a viable option to those that wish to take advantage of a longer growing season that 
ultimately allows for more photoassimilates to be utilized by the plant. 
Full-season variety utilization resulted in slightly lower grain moisture levels than early-season 
varieties, which may be attributed to the smaller seed size that would allow moisture levels to more 
easily fluctuate with environmental conditions in soybean, especially in wider row widths (Tables 
1.22 and 1.23). Full-season varieties had greater grain protein concentration with concomitant 
decreases in grain oil level compared to early-season varieties, particularly when grown in 30 inch 
rows, which had lower yields than 20 inch rows (Table 1.22 and 1.24). These results are somewhat 
different than Rincker et al. (2014), who reported that newer cultivars that mature later often have 
greater yields and oil, but decreased protein concentrations. Regardless of row spacing, full-season 
varieties have a longer seed fill duration, which may have experienced more favorable seed fill 
conditions that contributed to increased grain protein and greater yield when using agronomic 
management. 
 
Effect of P and K fertility in soybean 
Premium P fertilization increased yield by 6.1 bu ac-1 (8%) (P < 0.0001) when added to the 
Standard management system (Tables 1.19 and 1.25). In the Intensive management system, 
omitting the P fertilizer resulted in a 4.2 bu ac-1 loss (5%) of yield. Additionally, P fertilization led 
to greater yield changes in 20 inch rows than 30 inch rows when evaluated in the Standard 
management system (+7.4 vs. +4.7 bu ac-1 increase); however, the yield change when not 
providing P in the Intensive management system was statistically the same, regardless of row 
spacing arrangement (-4.7 vs. -3.6 bu ac-1) (Table 1.26).  While the contributions of other nutrients 
within the P fertilizer cannot be dismissed, Duncan and Ohlrogge (1958) documented that nutrients 
taken up by an individual root compared to nutrients taken up by different roots resulted in greater 
physiological capacity to absorb P. Additions of premium P fertilizer provided about $1.44 per 
acre in additional returns when used with the Standard management system and averaged over row 
spacings using P rates that exceeded crop demand by about 18 lbs ac-1. If P rates were reduced to 




assuming similar yield increases. Positive economical returns from P fertilizer in the Intensive 
management system were only observed when using narrow rows. Greater yield responses with P 
fertilization in the Standard management system 20 inch rows are likely not attributed to increased 
light interception alone since 30 inch rows would benefit more from enhanced agronomic practices 
that increase light interception from greater plant growth. In other crops, increased water 
availability from more uniform seeding arrangement has been observed (Jost and Cothren, 2000), 
while Taylor (1980) indicated that canopy closure by the time that pod-fill starts allows more 
photosynthesis to occur during pod-fill and yields are greater in narrow rows when seasonal water 
supply is high. During dry years, narrow rows often use more water during the early growing 
season, which may leave less water for use during pod-fill.  
Soybean plants have often been declared as being yield-responsive to K fertilization due to 
their high total uptake of this nutrient, especially if the soil test is low (Borges and Mallarino, 2000; 
Laboski et al., 2006); however, no yield changes were observed from additions or omissions of K-
based fertilizer (Tables 1.25 and 1.26). Across each row spacing and management treatment 
comparison, 75 percent of the time having K as part of a fertility management program tended to 
decrease yield, with one case in Intensive 30 inch rows that resulted in a nearly-significant yield 
increase (1.6 bu ac-1) from leaving K out of the fertility program. In this study, there were often no 
visual growth responses from additions of K fertilizer (Table 1.26). We further cannot rule out the 
possibility that B or chloride as part of the premium K source had a detriment on soybean growth 
and development, despite being an essential plant element (Nable, et al., 1997; Yang and Blanchar, 
1993).  
Additions of P and K fertilizer together often resulted in an additive effect of the yield changes 
that was observed from the individual nutrient sources alone (Tables 1.25 and 1.26). Despite 
increasing yield compared to the Standard management system, additions of P and K together 
resulted in similar yields to that of the P treatment alone. Phosphorus and K fertility tended to have 
less absolute effect on yields then when P was applied alone. Phosphorus applied alone and when 
added in combination with K resulted in greater yields via an increase in sink potential (seed 
number), and seed weight. While applications of P alone was profitable in many scenarios, the 
lack of yield response from K fertilizer and additional fertilizer expense lowered the profitability 
to a net negative return of approximately $-42 ac-1 when both P and K fertilizer was applied 




these nutrients annually, and conduct validation strips to confirm the value of these nutrients in 
their production program. 
 
Effect of foliar protection in soybean 
Using foliar protection as a R3 fungicide and insecticide application resulted in a highly 
significant (P < 0.0001) yield advantage of 3.3 (5%) and 2.7 (3%) bu ac-1 in the Standard and 
Intensive management systems, respectively (Table 1.25). Furthermore, foliar protection was 
equally important for impacting yield across all row spacings and management, although it tended 
to be more important in narrower row spacings, which may be supported by greater disease 
potential from less air movement within the canopy (Krupinsky et al., 2002) (Table 1.26). 
Additionally, the Standard management system tended to produce greater yield responses to foliar 
protection than the taller Intensive management plants, indicating that intensively managed plants 
may be healthier and better able to fight the onset of disease (Krupinsky et al., 2002). Applying 
foliar protection resulted in greater seeds per area in the Standard management system, which 
likely was caused by increased flower or pod retention (Table 1.25). Foliar protection had the 
greatest effect on seed weight of all the treatments, due to applications being made directly prior 
to seed fill. While individual disease or insect ratings were not conducted, in general the presence 
of disease and insect pressure was observed to be relatively low. Throughout the state in each of 
the years, there were low to moderate levels of insect pressure such as Japanese beetles (Popillia 
japonica), bean leaf beetles (Cerotoma trifurcata), green clover worms (Hypena scabra), and stink 
bugs (Acrosternum hilare) which may have contributed to the yield response to foliar protection 
(Estes, 2016). Soybean disease pressure varied across the state, although white mold (Sclerotinia 
sclerotiorum), sudden death syndrome (Fusarium solani f.sp. glycines), and brown stem rot 
(Cephalosporium gregatum) were some of the most common diseases observed. With the low 
severity of insects and diseases, the yield response and below cost returns (approximately -$0.5 to 
-$6.0 ac-1) from foliar protection was likely not as great as if applications were made to pest-
infested fields. 
 
Effect of seed treatment in soybean 
Comprehensive seed treatment packages (i.e., fungicide + insecticide + nematicide) compared 




in the Standard and Intensive management packages, respectively (Table 1.25). Interestingly, yield 
responses were greatest when used in narrower row spacings, and particularly in narrow row 
Standard management systems that resulted in a 4.6 bu ac-1 (6%) yield gain (Table 1.26). While 
plant stand counts were not taken across all locations, it is plausible that greater plant stands from 
more comprehensive seed treatments resulted in faster canopy closer and increased light 
interception, as has been observed by Robinson and Conley (2007). Soybean cyst nematode tests 
were collected on some of the trials and locations; however, all samples reported no to low 
nematode numbers suggesting that the majority of the seed treatment yield response would be from 
the fungicidal and/or insecticidal properties (data not shown). The trials were generally planted 
into very good soil conditions with fairly homogenous soil characteristics suitable for research 
plots, so the yield responses may be conservative compared to more variable and adverse 
environmental conditions for soybean planting, emergence, and early growth. Aside from 
potassium fertilizer applications, seed treatment yield responses were the next lowest in 
magnitude; however, they provided the most consistent positive financial returns due to the 
relatively low cost of the seed treatment. Whether averaged over row spacings, or comparing 
comprehensive seed treatment in Standard or Intensive management systems, all scenarios 
provided positive economic returns ranging from $0.07 to $15.50 per acre. Since many of the base 
seeds used had fungicidal seed treatments, the magnitude of yield response to fungicide, 
insecticide, and/or nematicide seed treatments could have been greater if only ‘naked’ or untreated 
seeds were available. 
Yield increases from the comprehensive seed treatment were a result of increased grain seed 
number and seed weight (Table 1.25). While an increase in seed number would be expected from 
an increase in plant stand, and/or early season growth potential prior to flowering, it would 
generally be unusual for seed treatments to have lasting effects into grain filling conditions as these 
data indicate. In 2014, the final plant stand was tallied at harvest and comprehensive seed 
treatments were found to significantly improve this parameter regardless of management system 
or variety used (data not shown). Increased plant stand is well-correlated with increased nodes m-2, 
pods m-2, and ultimately seed number m-2 (Egli, 2013). Egli (2013) also suggested that increasing 
node or pod number per unit area without a corresponding increase in photoassimilate supply will 





Effect of agronomic management on soybean grain quality 
Parameters such as harvest grain moisture, protein, and oil levels are all factors that affect the 
quality of grain. Grain quality components were not included as part of the economic analysis, 
although having an understanding what effect varying management has on grain quality can be 
important to the end use. Past research has shown inconsistent effects on grain protein and oil 
concentrations; however, greater fertilizer application rates tended to decrease soybean grain 
protein and oil (Krueger et al., 2013; Usherwood, 1985). Additions of P- and K-based fertilizers 
generally decreased grain protein level with nearly identical contrasting changes in grain oil 
concentrations across both managements, which is likely associated with the greater yields 
observed from these treatments (Table 1.27). Removing P and K from the Intensive management 
system resulted in decreased grain moisture level at harvest, perhaps due to the increased sink 
demand from the intensively managed plants, where it is plausible that plants’ nutrient demand 
was acquired from the vegetative portions of the plant and prematurely caused plant death. The 
use of a more comprehensive seed treatment also reduced grain moisture level when grown under 
the Standard management system (Table 1.27). Interestingly, the use of fungicide and insecticide 
had little effect on harvest grain moisture level when averaged over agronomic management 
system; however, there was a foliar protection by relative maturity interaction where foliar 
protection resulted in greater grain moisture level in the full-season variety but decreased grain 
moisture in the early-season relative maturity (Tables 1.19 and 1.28). While there was a maturity 
by agronomic management system grain moisture interaction, the early-season varieties had 
greater harvest grain moisture than the full-season varieties on average, especially from Intensive 
management. Grain moisture changes in soybean can result in harvestability differences as well as 
potential deductions in price received when delivered to elevators; however, the average moisture 
when harvesting these studies, regardless of treatment was well below the 13% moisture threshold 
established by elevators. Furthermore, many environmental conditions can affect soybean 
moisture on an hourly basis, thus making soybean moisture less of a management concern to 
producers.  
 
Determination of synergy among treatments in soybean 
Intensive management resulted in 10.1 and 6.7 bu ac-1 increases over Standard management in 




ac-1 greater yields than wider 30 inch rows for Standard and Intensive management respectively 
(Table 1.21). When converting management systems from a Standard 30 inch row program, to an 
Intensive 20 inch row program, yield increased by 14.5 bu ac-1 (21%), which equaled the additional 
input costs of the Intensive management system  (approximately $137.5 per ac-1) (Table 1.26). The 
21% yield increase from Intensive management in soybean is nearly equivalent to the total soybean 
yield gap variation (22%) experienced due to weather across U.S. dryland soybean production 
(Edreira et al., 2017). These significant yield differences warrant further explanation of the 
individual impact of management practices when added either individually, or combined as a 
package. Table 1.29 shows the yield difference (µInt-µStd) due to agronomic management in 20 
and 30 inch rows, the average of the two row spacings, and the increase in yield due to the 
combined Intensive management and narrow row spacing when compared to the 30 inch Standard 
management system. The 95% confidence interval is shown in parentheses where a synergy of 
added individual inputs would be observed if the sum of significant individual management factors 
is less than the lower range of the confidence interval. When averaged over row spacings, there 
were no observations where the sum of individual standard management factors was statistically 
less than the yield change between management systems. These data indicate that the roles of 
individual management factors are greatest when added individually to a program; however, no 
one factor could solely increase yield to the level of the Intensive management program. When 
converting from a Standard management wider 30 inch row spacing to an Intensive management 
narrower 20 inch row spacing, synergistic yield increases were observed. The synergistic soybean 
yield responses are primarily due to better management of more equidistant plants through 
adoption of narrow row spacings and by using advanced seed treatment. 
 
CONCLUSIONS 
The primary objectives of this research were to evaluate the individual contribution of 
agronomic management factors and determine whether multiple management factors could work 
together to create synergistic yield increases in both corn and soybean. The primary agronomic 
management factors evaluated were premium P and K fertilizer jointly applied, foliar protection, 
sidedress nitrogen (corn only), plant population (corn only), relative maturity (soybean only), seed 




Corn narrower row spacing and premium P plus K fertilizer applications resulted in the greatest 
yield increases of 12.4 and up to 12.7 bu ac-1, respectively when the treatment was part of the 
system approach. Yield responses from P or K based fertilizers were differentiated in these studies 
by indicating that P set the trajectory for the best yields via an initiation of more seeds per area. 
Agronomic management factors such row spacing, fertility, sidedress N, and increased plant 
population influenced yield early in the season by establishing a greater number of seed per area 
while management factors such as foliar protection primarily increased seed weight during 
reproductive stages. The combination of management factors resulted in multiple synergistic yield 
increases where Intensive management systems resulted in an average 47 bu ac-1 greater yield than 
the Standard management, and no individual management factor led to this magnitude of yield 
response alone. 
Soybean narrower row spacing and banded MicroEssentials SZ P-based fertilizer resulted in 
the largest yield increases of 6.4 and 6.1 bu ac-1, respectively. Narrower row spacings resulted in 
greater yield responses from Intensive agronomic management, where a 6.7 bu ac-1 (6%) yield 
increase occurred in Standard management while a 10.1 bu ac-1 (10%) yield increase occurred in 
Intensive management. Despite the common perception of soybean being highly responsive to K 
fertilization, these data indicated minimal response from K fertilizer with greater yield responses 
observed with the P based fertilizer (which also had N, S, & Zn). Foliar protection increased yields, 
although was not economically profitable when applied at maximum rates in environments with 
relatively low pest pressure. Full seed treatments in soybean resulted in positive economic returns 
in all management scenarios evaluated. Collectively, all management practices applied together in 
a systems approach resulted in a 14.5 bu ac-1 yield increase, which covered the costs associated 
with the inputs. 
These results show that multiple management factors can increase corn and soybean yields 
both individually, as well as when added together in a management system. Synergies take place 
in both crops when converting from Standard to Intensive management systems, allowing for corn 








Considerations for future research 
Many management practices evaluated in this research consistently increased yield by an 
increase in seed number. Depending on the environment, seed weight often did not contribute to 
the same magnitude of yield increase, and in many cases seed weight declined with increases in 
yield, indicating the need for continued research for maintaining and increasing seed weight to 
exploit the yield potential that was expressed prior to seed weight compensation. In standard 
management systems, the likelihood of finding new products to increase seed number and 
ultimately yield is high when used alone; however, since current management practices such as 
banded P, increased plant population, or narrower row spacings can consistently increase seed 
number, future research should prioritize identifying methods to maintain or increase seed weight 
when used in conjunction with these management practices.  
Despite conventional wisdom for the importance of K fertilization for soybean, this research 
found little response from the premium K fertilizer source, emphasizing the need for additional 
research on the predictability of K fertilizer response, understanding of K cycling in cropping 
systems, and how K becomes plant available. In order to close the yield gap and capitalize on the 
yield potential of modern corn hybrids or soybean varieties, fertility management will most likely 
require supplying multiple nutrient inputs, and as such, understanding the soil and plant 
interactions among nutrients will be crucial for continued improvements in crop yields. 
Crop production research should investigate ways to attain synergies among management 
practices that can be used to obtain additional increases in yield. Additionally, further evaluation 
of individual management practices may consider putting greater emphasis on economic compared 












Figure 1.1. Effect of growing season on corn growth and development in Illinois during 2014 and 







Figure 1.2. Effect of growing season on soybean growth and development in Illinois during 2014 






Figure 1.3. Effect of growing season on corn growth and development in Illinois during 2015 and 







Table 1.1. Soil information for nine corn management trials conducted in Illinois during 2014, 2015, and 2016. 
Location Soil Type 
Organic 
Matter pH CEC P K Ca Mg S Zn B 
2014  %    meq 100g-1 ----------------------------------------------------------  ppm† ---------------------------------------------------------- 
Champaign Flanagan Silt Loam 3.4 5.2 18.7 46 138 1850 366 9 1.0 0.3 
Champaign Flanagan Silt Loam 3.3 5.5 18.1 43 144 1861 432 8 1.1 0.4 
Champaign Flanagan Silt Loam 3.4 5.4 17.0 36 118 1784 362 9 1.1 0.3 
2015            
Champaign Flanagan Silt Loam 4.2 6.1 23.3 13 122 2853 615 - - - 
Champaign Flanagan Silt Loam 3.8 5.6 22.9 11 101 2452 522 - - - 
DeKalb Drummer Silty Clay Loam 6.5 6.7 27.3 42 172 3567 897 8 4.1 - 
2016            
Champaign Flanagan Silt Loam 3.3 5.8 18.2 32 113 2088 466 9 1.5 0.3 
Champaign Flanagan Silt Loam 3.3 6.3 18.6 31 131 2304 518 7 1.6 0.4 
Champaign Flanagan Silt Loam 3.5 6.0 19.3 39 137 2269 477 8 1.8 0.3 




























Table 1.2. Soil information for eleven soybean management trials conducted at three Illinois locations during 2014 and 2015. 
Location, 
Trial # Soil Type 
Organic 
Matter pH CEC P K Ca Mg S Zn B 
2014  %    meq 100g-1 -----------------------------------------------------  ppm† --------------------------------------------------------- 
Champaign       
1 Flanagan Silt Loam 3.7 5.7 23.0 20 106 2740 510 10 1.4 0.5 
2 Flanagan Silt Loam 3.5 6.0 22.8 17 135 2852 552 10 1.5 0.5 
Harrisburg            
3 Harco Silt Loam 2.5 6.5 13.3 14 103 2026 204 7 0.8 0.2 
4 Harco Silt Loam 2.4 6.4 14.2 17 116 2196 205 8 1.0 0.3 
2015            
DeKalb            
5 Drummer Silty Clay Loam 4.3 6.4 23.0 26 150 2768 769 - 2.2 0.8 
6 Elburn Silt Loam 4.3 6.4 23.0 26 150 2768 769 - 2.2 0.8 
Champaign            
7 Flanagan Silt Loam 3.4 5.9 17.9 20 111 2058 446 - - - 
8 Flanagan Silt Loam 3.5 6.0 19.2 18 106 2257 481 - - - 
9 Flanagan Silt Loam 3.3 6.3 17.3 14 94 2107 492 - - - 
Harrisburg            
10 Patton Silty Clay Loam 2.7 6.6 20.2 21 182 2781 557 20 0.7 0.5 
11 Patton Silty Clay Loam 3.1 6.0 21.9 28 196 2647 547 16 0.8 0.5 





Table 1.3. Corn experiment information including locations, hybrids, dates of planting, treatment applications, and harvest 
at nine Illinois sites from 2014-2016. Julian days are shown in parentheses. 
Year Location Hybrid† Hybrid 
Relative 
Maturity 







2014 Champaign DKC63-33 SS RIB 113 03 June (154) 26 June (177) 6 Aug. (218) 21 Nov. (325) 
2014 Champaign G09E98- 3000GT 109 6 June (157) 26 June (177) 6 Aug. (218) 21 Nov. (325) 
2014 Champaign 6065 SS RIB 111 03 June (154) 27 June (178) 4 Aug. (216) 21 Nov. (325) 
2015 Champaign G12J11- 3111A 112 07 May (127) 10 June (161) 10 June, (161) 
17 July (198) 
30 Oct. (303) 
2015 Champaign 7087VT2P RIB 114 13 May (133) 10 June (161) 24 July (205) 29 Oct. (302) 
2015 DeKalb G06N80- 3111 106 22 May (142) 11 June (162) 19 June, (170) 
04 Aug. (216) 
5 Nov. (309) 
2016 Champaign DKC63-60 SS RIB 113 22 April (113) 03 June (155) 08 July (190) 27 Sept. (271) 
2016 Champaign 6265 SS RIB 112 19 April (110) 03 June (155) 08 July (190) 24 Sept. (268) 
2016 Champaign G14R38- 3000GT 114 22 April (113) 03 June (155) 10 July (192) 26 Sept. (270) 
† Hybrid Trait Packages: SS RIB: Smartstax Refuge in a bag, Eight-trait stack of multiple above-ground and below-ground insect protection 
with glyphosate and glufosinate herbicide tolerance, plus 5% refuge in a bag; 3000GT: Agrisure protection of above ground and below-ground 
insect resistance traits with glyphosate and glufosinate herbicide tolerance traits; 3111A: Agrisure Viptera protection of above ground and 
below-ground insect resistance traits with glyphosate and glufosinate herbicide tolerance traits and Artesian water optimization technology; 
VT2P RIB: VT Double Pro with multiple above ground modes of action with a glyphosate herbicide tolerance trait, plus 5% refuge in a bag; 









Table 1.4. Soybean experiment information including locations, varieties, seed treatment, dates of planting, foliar applications, and 
harvest at eleven Illinois sites from 2014 and 2015. Julian days are shown in parentheses. 






2014 Champaign AG3634, 
AG3832 
Untreated, Acceleron 07 May (127) 10 July (191) 13 Nov. (317) 
2014 Champaign S32-L8, 
S39-U2 
Apron Maxx, Clariva Complete + Vibrance 07 May (127) 10 July (191) 13 Nov. (317) 
2014 Harrisburg AG4933, 
AG5233 
Untreated, Acceleron 25 May (145) 18 July (199) 22 Oct. (295) 
2014 Harrisburg S46-L2, 
S48-P4 
Apron Maxx, Clariva Complete + Vibrance 25 May (145) 18 July (199) 24 Oct. (297) 
2015 DeKalb S25-L9, 
S30-V6 
Apron Maxx + Vibrance,                       
Clariva Complete + Vibrance + Mertect 
21 May (141) 30 July (211) 15 Oct. (288) 
2015 DeKalb R2T2501, 
R2C2674 
Untreated, Warden CX 21 May (141) 30 July (211) 15 Oct. (288) 
2015 Champaign AG3634, 
AG3832 
Untreated, Acceleron 07 May (127) 17 July (198) 13 Oct. (286) 
2015 Champaign S35-A5, 
S37-Z8 
Apron Maxx + Vibrance,                       
Clariva Complete + Vibrance + Mertect 
07 May (127) 17 July (198) 26 Sept. (269) 
2015 Champaign R2C3788, 
R2C3800 
Untreated, Warden CX 14 May (134) 22 July (203) 19 Oct. (292) 
2015 Harrisburg S40-N2, 
S45-V8 
Apron Maxx + Vibrance,  
Clariva Complete + Vibrance + Mertect 
03 May (123) 13 July (194) 6 Oct. (279) 
2015 Harrisburg R2C4114, 
R2C4391 
Untreated, Warden CX 03 May (123) 13 July (194) 6 Oct. (279) 
† First variety listed is early-season while second variety listed is full-season.  
‡ Seed Treatment active ingredients (mg ai per seed): Untreated: None; Acceleron: 0.031 mg DX-109 pyraclostrobin, 0.048 mg DX-309 Metalaxyl, 
0.0161 mg DX-612 Fluxapyroxad; Apron Maxx: 0.034 mg seed Apron XL (0.01135 mg Mefenoxam), 0.00943 mg Maxim 4FS (0.0038 mg 
Fludioxonil); Clariva Complete: 0.0907 mg Cruiser Maxx Advanced (0.0756 mg Thiamethoxam, 0.0113 mg Mefenoxam, 0.0038 mg Fludioxonil), 
Clariva pn (10 million spores Pasteuria nishizawae-Pn1); Vibrance: 0.0038 mg Sedaxane; Mertect: 0.03 mg Thiabendazole, Warden CX: 0.0756 mg 
Thiamethoxam, 0.0226 mg Mefenoxam, 0.0038 mg Fludioxonil, 0.0038 mg Sedaxane. 
Seed treatment target groups of control consisted of DX-109 pyraclostrobin (fungicide), Metalaxyl (fungicide), Fluxapyroxad (fungicide), 
Mefenoxam (fungicide), Fludioxonil (fungicide), Thiamethoxam (insecticide), Pasteuria nishizawae-Pn1 (nematicide), Sedaxane (fungicide), 
Thiabendazole (fungicide). 





Table 1.5. Corn pre-emergence and post-emergence herbicide program of herbicide product, rate and application dates for nine management trials 
evaluated in Illinois during 2014, 2015, and 2016. Julian dates shown in parentheses. 
  - ---------------  Pre-Emergence ----------------  - ---------------  Post Emergence ----------------  





Product† Product Rate Application Date 




07 May (127) Touchdown Total          
Status 
35 oz/acre       
10 oz/acre 
04 July (185) 




07 May (127) Touchdown Total         
Status 
35 oz/acre       
10 oz/acre 
04 July (185) 




07 May (127) Touchdown Total           
Status 
35 oz/acre       
10 oz/acre 
04 July (185) 
2015 Champaign Lumax 3 qt/acre 21 May (141) Touchdown Total           
Status                      
Ammonium Sulfate              
InterLock 
35 oz/acre         
5 oz/acre     
0.2gal/acre        
4 oz/acre 
15 June (166) 
2015 Champaign Lumax 3 qt/acre 21 May (141) Touchdown Total          
Status                      
Ammonium Sulfate         
InterLock 
35 oz/acre         
5 oz/acre  
0.2gal/acre         
4 oz/acre 
15 June (166) 
2015 DeKalb Lumax 3 qt/acre 21 May (141) Touchdown Total          
Status 
Armezon             
Ammonium Sulfate         
InterLock 
35 oz/acre       
3.3 oz/acre 
0.75 oz/acre 
0.2gal/acre        
4 oz/acre 
03 July (184) 
2016 Champaign Verdict 15 oz/acre 17 April (108) Roundup PowerMAX 
Armezon 
Ammonium Sulfate 







07 June (159) 
2016 Champaign Lumax EZ 3 qt/acre 17 April (108) Roundup PowerMAX 
Armezon 
Ammonium Sulfate 







07 June (159) 
2016 Champaign Lumax EZ 3 qt/acre 17 April (108) Roundup PowerMAX 
Armezon 
Ammonium Sulfate 







07 June (159) 
† Product active ingredients: Verdict: 6.24% Saflufenacil + 55.04% dimethenamid-P; Infantry 4L: 42.6% Atrazine + 0.9% related compounds; Lumax: 29.4% S-
Metolachlor + 11% Atrazine + 2.94% Mesotrione; Lumax EZ: 27.1% S-Metolachlor + 9.94% Atrazine + 0.21% Atrazine related compounds + 2.71% Mesotrione; 
Touchdown Total: 44.9% Potassium salt of glyphosate; Status: 17.1% Sodium salt of diflufenzopyr + 44% Sodium salt of dicamba; Ammonium Sulfate (AMS): 99.5% 
21-0-0-24S, InterLock: 100% Modified vegetable oil, polyoxyethylene sorbitan fatty acid ester, vegetable oil; Roundup PowerMAX: 48.7% glyphosate in the form of 
potassium salt; Armezon: 29.7% topramezone; FS MSO Ultra: 100% Blend of methylated soy oil, nonionic surfactants and emulsifiers; Masterlock: 100% Modified 






Table 1.6. Soybean pre-emergence and post-emergence herbicide program of herbicide product, rate, and application dates for eleven 
management trials evaluated in Illinois during 2014 and 2015. Julian dates shown in parentheses. 
  -----------------  Pre-Emergence ----------------- -----------------  Post Emergence ----------------- 














13 June (164) 
08 July (185) 




13 June (164) 
08 July (185) 




26 June (177) 




26 June (177) 
2015 DeKalb Boundary 6.5 EC 
Touchdown Total 
Select MAX 
2 pt/acre     
35 oz/acre   
16 oz/acre 
21 May (141) Fusilade DX 
Flexstar GT 3.5 






03 July (184) 
2015 DeKalb Boundary 6.5 EC 
Touchdown Total 
Select MAX 
2 pt/acre     
35 oz/acre   
16 oz/acre 
21 May (141) Fusilade DX 
Flexstar GT 3.5 






03 July (184) 
2015 Champaign Boundary 6.5 EC 16 oz/acre 
2 pt/acre 
20 May (140) Select MAX, 
Flexstar GT 3.5 




02 June (153)          
22 June (173) 
2015 Champaign Boundary 6.5 EC 16 oz/acre 
2 pt/acre 
20 May (140) Select MAX, 
Flexstar GT 3.5 




02 June (153)          
22 June (173) 
2015 Champaign Boundary 6.5 EC 16 oz/acre 
2 pt/acre 
20 May (140) Select MAX, 
Flexstar GT 3.5 




02 June, (153)          
22 June (173) 
2015 Harrisburg Boundary 6.5 EC 2 pt/acre 02 May (122) Flexstar GT 3.5 
FS MSO Ultra 
3.5 pt/acre 
0.1 gal/acre 
05 June (156) 
2015 Harrisburg Boundary 6.5 EC 2 pt/acre 02 May (122) Flexstar GT 3.5 
FS MSO Ultra 
3.5 pt/acre 
0.1 gal/acre 
05 June (156) 
† Product active ingredients: Boundary 6.5 EC: 58.2% S-Metolachlor + 13.8% Metribuzin; Touchdown Total: 44.9% Potassium salt of 
glyphosate; Select MAX: 12.6% Clethodim; Flexstar GT 3.5: 5.88% Sodium Salt of Fomesafen + 22.4% glyphosate; Fusilade DX: 






  Table 1.7. Treatments used in corn omission plots during 2014-2016 in 20 and 30 inch row spacing.  
  Factor 
  Treatment† Fertility Nitrogen Population Foliar Protection 














t -Fertility P No P (K only) Base + SD Inhibitor 44,000 Foliar 
-Fertility K No K (P only) Base + SD Inhibitor 44,000 Foliar 
-Fertility P & K No P & K Base + SD Inhibitor 44,000 Foliar 
-Nitrogen P & K Base 44,000 Foliar 
-Population P & K Base + SD Inhibitor 32,000 Foliar 
-Foliar Protection P & K Base + SD Inhibitor 44,000 None 












t +Fertility P Banded P (no K) Base 32,000 None 
+Fertility K Broadcast K (no P) Base 32,000 None 
+Fertility P & K P & K Base 32,000 None 
+Nitrogen No P & K Base + SD Inhibitor 32,000 None 
+Population No P & K Base 44,000 None 
+Foliar Protection No P & K Base 32,000 Foliar  
† P: phosphorus at 100 lb P2O5 ac
-1; K: potassium at 75 lb K2O ac
-1; Base: 160 lb N ac-1 at preplant; Sidedress Inhibitor: 80 lb N ac-1 at 




Table 1.8. Treatments from soybean omission plots during 2014 and 2015 in 20 and 30 inch row spacing.  
     Factor 



























t - P No P (K only) Treated Foliar 
- K No K (P only) Treated Foliar 
- P + K No P or K Treated Foliar 
- Foliar Banded P + Broadcast K None/Basic Foliar 
- Seed treatment Banded P + Broadcast K Treated None 












t + P Banded P (No K) None/Basic None 
+ K Broadcast K (No P) None/Basic None 
+ P + K Banded P + Broadcast K None/Basic None 
+ Foliar No P or K Treated None 
+ Seed treatment No P or K None/Basic Foliar 
 




























t - P No P (K only) Treated Foliar 
- K No K (P only) Treated Foliar 
- P + K No P or K Treated Foliar 
- Foliar Banded P + Broadcast K None/Basic Foliar 
- Seed treatment Banded P + Broadcast K Treated None 












t + P Banded P (No K) None/Basic None 
+ K Broadcast K (No P) None/Basic None 
+ P + K Banded P + Broadcast K None/Basic None 
+ Foliar No P or K Treated None 
+ Seed treatment No P or K None/Basic Foliar 
† P: phosphorus at 75 lb P2O5 ac
-1; K: potassium at 75 lb K2O ac
-1; Treated: Acceleron, Clariva Complete, or Warden CX; None/Basic: 





Table 1.9. Monthly weather data for nine corn and 11 soybean trials between 1 April and 30 
September for northern, central, and southern Illinois in 2014, 2015, and 2016. Temperature is 
the average daily air temperature and precipitation is the average monthly accumulated rainfall. 
Values were obtained from the National Oceanic and Atmospheric Administration (1981-2010) 
and values in parentheses are the deviations from the 30-year average. 
Month 
Year April May June July August September 
Northern, IL† 
2015 
Temperature, °F  50.2 (1.8) 61.1 (1.7) 67.5 (-2.0) 71.1 (-2.0) 69.7 (-1.5) 68.2 (4.8) 
Precipitation, in.  3.8 (0.5) 5.8 (1.3) 8.2 (4.1) 3.2 (-1.2) 3.1 (-1.3) 2.7 (-0.5) 
Central, IL 
2014  
Temperature, °F  52.7 (0.8) 63.9 (1.4) 73.0 (0.8) 69.8 (-5.1) 73.4 (0.0) 64.6 (-1.6) 
Precipitation, in.  3.9 (0.3) 4.4 (-0.5) 8.2 (3.9) 8.7 (4.0) 1.5 (-2.4) 3.4 (0.3) 
2015 
Temperature, °F  53.8 (1.9) 65.5 (3.0) 72 (-0.2) 73.4 (-1.5) 71.8 (-1.6) 69.8 (3.6) 
Precipitation, in.  3.6 (-0.1) 6.1 (1.2) 9.2 (4.8) 4.2 (-0.5) 3.2 (-0.8) 6.4 (3.3) 
2016 
Temperature, °F  52.6 (0.7) 61.6 (-0.9) 74.0 (1.8) 75.0 (0.1) 75.9 (2.5) 71.2 (5.0) 
Precipitation, in.  3.3 (-0.4) 3.8 (-1.1) 7.1 (2.8) 4.5 (-0.3) 4.2 (0.2) 5.4 (2.3) 
Southern, IL 
2014 
Temperature, °F  56.0 (-0.3) 66.1 (0.3) 74.6 (0.0) 70.7 (-7.4) 75.4 (-1.1) 65.4 (-3.1) 
Precipitation, in.  8.2 (3.7) 4.9 (-0.4) 5.1 (0.6) 2.9 (-0.8) 2.5 (-0.8) 0.8 (-2.3) 
2015 
Temperature, °F  -‡ 66.3 (0.5) 74.2 (-0.4) 77.9 (-0.2) 73.3 (-3.2) 69.0 (0.5) 
Precipitation, in.  - 4.2 (-1.1) 8.9 (4.3) 7.0 (3.3) 2.6 (-0.6) 4.3 (1.2) 
† Northern IL, DeKalb; Central IL, Champaign; Southern IL, Harrisburg. 









Table 1.10. Analysis of variance for yield, yield components (seed number and weight), and grain quality 
(moisture, protein, starch, and oil concentrations) averaged across nine corn management trials at two Illinois 
locations during 2014, 2015, and 2016. ‘Spacing’ represents 20 and 30 inch rows. Additionally, 14 agronomic 

















Grain     
Oil 
 ---------------------------------------------------------------------------------  P > F† --------------------------------------------------------------------------------- 
Row Spacing (S) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.2583 0.3688 0.5839 
Treatment (T) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
S x T   0.0292   0.4147   0.0005   0.0754 0.3071 0.9024 0.3565 0.3168 







Table 1.11. Grain yield, plant population, and yield components for row spacing averaged across 
nine Illinois corn management trials during 2014, 2015, and 2016. Yield (bu ac-1) is presented at 
15.5% moisture while seed weight (mg seed-1) is presented on a dry weight basis (i.e., 0% 
moisture). 
Row Spacing Grain Yield Plant Stand Seed Number Seed Weight 
inches bu ac-1 plants ac-1 number m-2 mg seed-1 
20 230.4 37696 4663 264.2 
30 218.0 36776 4326 269.2 
Difference 12.4‡ 920‡ 337‡ -5.0‡ 





Table 1.12. Corn grain yield changes due to row spacing and 
agronomic management (Standard vs. Intensive system), averaged 
across nine Illinois locations during 2014, 2015, and 2016. 
Row Spacing Standard Intensive Δ 
Inches -------------------------------  bu ac-1 --------------------------------- 
20 211.7 250.5 +38.8‡ 
30 203.4 236.8 +33.3‡ 
Difference +8.3* +13.8‡  
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 







Table 1.13. Corn seed number changes due to row spacing and 
agronomic management (Standard vs. Intensive system), averaged 
across nine Illinois locations during 2014, 2015, and 2016. 
Row Spacing Standard Intensive Δ 
Inches --------------------------  seed m-2 ----------------------------- 
20 4203 5094 +891‡ 
30 4002 4722 +720‡ 
Difference +201** +371‡  
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 







Table 1.14. Corn seed weight changes due to row spacing and 
agronomic management (Standard vs. Intensive system), averaged 
across nine Illinois locations during 2014, 2015, and 2016. 
Row Spacing Standard Intensive Δ 
Inches ---------------------------  mg seed-1 ------------------------------ 
20 269.9 263.9 -6.0** 
30 270.7 267.4 -3.3 
Difference -0.8 -3.5  
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 








Table 1.15. Effect of enhanced agronomic management added to the ‘Standard’ treatment or omitted from 
the ‘Intensive’ treatment and averaged across both row spacing configurations in Illinois during 2014, 2015, 
and 2016. Corn yield (bu ac-1) is presented at 15.5% moisture while seed weight (mg seed-1) is presented 
on a dry weight basis (i.e., 0% moisture). 
Add or Omit 
One Enhanced 
Factor Yield Δ 
 
Plant 
Stand Δ  
Seed 
# Δ  
Seed 
Weight Δ 
 bu ac-1  plants ac-1  number m-2  mg seed-1 
Standard 207.6   31608   4103   270.3  
+Phosphorus 218.1 +10.5‡  32262 +654*  4330 +227‡  269.6 -0.8 
+Potassium 208.8 +1.2  31777 +169  4118 +16‡  270.7 +0.4 
+P and K 218.4 +10.8‡  32192 +584†  4284 +182‡  273.1 +2.8† 
+Nitrogen 216.4 +8.8‡  32432 +824**  4226 +124**  273.6 +3.2* 
+Population 205.2 -2.4  41661 +10053‡  4319 +217‡  253.0 -17.4‡ 
+Foliar 214.9 +7.3**  31891 +283  4195 +93‡  272.8 +2.4† 
            
Intensive 243.6   42556   4908   265.7  
-Phosphorus 233.7 -10.0‡  42834 +278  4685  -223‡  266.3 +0.6 
-Potassium 237.3 -6.3**  42120 -436  4926 +18‡  257.4 -8.3‡ 
-P and K 231.0 -12.7‡  42930 +374  4746  -162***  260.9 -4.8** 
-Nitrogen 235.5 -8.2***  42519  -37  4748  -160***  262.2 -3.5* 
-Population 233.1 -10.6‡  32474 -10082‡  4455  -453‡  280.2 +14.5‡ 
-Foliar 235.7 -7.9***  42047 -509  4880  -28‡  257.9 -7.8‡ 







Table 1.16. Corn yield and yield component changes due to enhanced agronomic management added to 
the ‘Standard’ treatment or omitted from the ‘Intensive’ treatments across nine trials in Illinois during 
2014, 2015, and 2016. Yield (bu ac-1) is presented at 15.5% moisture while seed weight (mg seed-1) is 
presented on a dry weight basis (i.e., 0% moisture). Values within a column represent the difference 
relative to the ‘Standard’ or ‘Intensive’ treatment 
 Row Spacing (Inches) 
 20  30 















 bu ac-1 plants ac-1 number m-2 mg seed-1  bu ac-1 plants ac-1 number m-2 mg seed-1 
Standard 211.7 31792 4203 269.9  203.4 31423 4002 270.7 
+Phosphorus +9.0 +703 +210 -1.4  +12.0 +606 +245 -0.2 
+Potassium +2.4 +207 +74 -3.6      0.0 +131 -43 +4.4 
+P and K +11.4 +963 +221 +0.8  +10.2 +206 +143 +4.7 
+Nitrogen +10.3 +912 +178 +1.2  +7.4 +738 +70 +5.3 
+Population -0.7 +10256 +294 -20.5  -4.0 +9851 +140 -14.2 
+Foliar +6.7 +434 +118 +5.5  +8.0 +132 +68 +5.4 
          
Intensive 250.5 43096 5094 263.9  236.8 42016 4722 267.4 
-Phosphorus -9.9 +191 -226 +0.1  -10.1 +364 -221 +1.2 
-Potassium -3.7 -206 +124 -11.6  -8.9 -666 -89 -5.0 
-P and K -10.9 +391 -123 -6.2  -14.5 +357 -201 -3.3 
-Nitrogen -6.9 +262 -155 -4.2  -9.5 -336 -166 -2.9 
-Population -12.7 -10350 -521 15.8  -8.5 -9813 -384 13.2 
-Foliar -5.1 -237 +14 -8.1  -10.8 -780 -71 -7.5 






Table 1.17. Corn grain quality changes due to enhanced agronomic management added to the ‘Standard’ 
treatment or omitted from the ‘Intensive’ treatment and averaged across both row spacing configurations   
in Illinois during 2014, 2015, and 2016. 





Protein Δ  Starch Δ  Oil Δ 
 ------------------------------------------------------------------------------ % ------------------------------------------------------------------------------ 
Standard 21.0   7.7   71.5   3.8  
+Phosphorus 20.6 -0.4**  7.7 0.0  71.4 -0.1  3.8 0.0 
+Potassium 20.7 -0.2  7.6 0.0  71.3 -0.2  3.9 +0.1* 
+P and K 20.6 -0.3*  7.8 +0.1***  71.4 -0.1  3.8 0.0 
+Nitrogen 21.0 0.0  7.9 +0.3‡  71.3 -0.2  3.8 0.0 
+Population 20.7 -0.3†  7.4 -0.2‡  71.7 +0.2†  3.6 -0.1*** 
+Foliar 21.4 +0.5***  7.7 0.0  71.2 -0.3***  3.9 +0.1* 
            
Intensive 21.4   7.8   71.4   3.8  
-Phosphorus 21.6 +0.2†  7.8 0.0  71.3 -0.1  3.8 0.0 
-Potassium 21.1 -0.3*  7.8 0.0  71.5 0.0  3.7 -0.1† 
-P and K 21.3 -0.1  7.8 0.0  71.5 +0.1  3.7 -0.1 
-Nitrogen 21.1 -0.3*  7.6 -0.2‡  71.7 +0.3**  3.7 0.0 
-Population 21.5 +0.1  8.0 +0.2‡  71.1 -0.4***  3.9 +0.1** 
-Foliar 20.6 -0.8‡  7.7 -0.1†  71.7 +0.2*  3.7 -0.1** 








Table 1.18. Corn comparisons between the overall yield differences between the Intensive (Int.) and the Standard (Std) management 
control treatments (shown as 95% confidence intervals; µIntensive-µStd) and the summation of the additional yield values provided by each 
enhanced treatment to the Std control (i.e. Std + Phosphorus, Std + Potassium, Std + Nitrogen, Std + Population, and Std + Foliar 
Protection). Additionally, the Standard 20 inch vs. 30 inch row spacing yield difference was added as a management factor to the 
summation of 30 inch yield differences as shown by 20 Int. vs. 30 Std column. The additional yield value provided by each + factor 
treatment was calculated as the difference between the + factor and the Standard management control yield when significant.  
 Row Spacing (Inches) 
Treatment 20  30  Average  20 Int. vs. 30 Std ‡ 
 ----------------------------------------------------------------------------------------    bu ac-1 ---------------------------------------------------------------------------------------- 
µInt-µStd 38.8 (32.6-45.0)  33.3 (27.3-39.4)  36.1 (31.7-40.4)  47.1 (40.6-53.6) 
Σ(Y+ FACTOR –Y Std)† 26.0  27.3  26.6  35.6 
† Σ[(Y+ Phosphorus –Y Std) + (Y+ Potassium –Y Std) + (Y+ Nitrogen –Y Std ) + (Y+ Population –Y Std ) + (Y+ Foliar –Y Std)] 






Table 1.19. Analysis of variance for yield, yield components, and grain quality for eleven 
soybean management trials at three Illinois locations during 2014 and 2015. ‘Spacing’ represents 
20 and 30 inch rows while ‘Maturity’ represents an early vs. full-season variety comparison. 
Additionally, 12 agronomic management treatments (T) were evaluated encompassing the 















 ------------------------------------------------------------------------  P > F†------------------------------------------------------------------------ 
Row Spacing (S) <0.0001 <0.0001 <0.0001 0.0002 0.0278 0.0031 
Maturity (M) <0.0001 <0.0001 <0.0001 <0.0001 0.0003 <0.0001 
S x M 0.8428 0.9423 0.1969 0.0753 0.3513 0.0200 
Treatment (T) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
S x T 0.0690 0.2506 0.9081 0.2010 0.8856 0.9928 
M x T 0.1429 0.6800 0.7929 0.0146 0.8282 0.9551 
S x M x T 0.2120 0.6574 0.8326 0.3943 0.9048 0.9991 







Table 1.20. Grain yield, yield components, and grain quality for row spacing comparisons 
across eleven Illinois soybean management trials during 2014 and 2015. Yield (bu ac-1) is 
presented at 13% moisture while seed weight (mg seed-1) is presented on a dry weight basis 














inches bu ac-1 number m-2 mg seed-1 ----------------------------------- % -------------------------------- 
20 80.5 3524 133.9 10.4 33.8 19.5 
30 74.1 3194 136.4 9.7 34.3 19.4 
Difference +6.4‡   +330‡ -2.5‡ +0.6*** -0.5* +0.1** 
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 0.001(***), and 0.0001(‡). 
§, Rounding of values may result in discrepancies between individual values and the 















Table 1.21. Grain yield changes due to agronomic management (Standard vs. 
Intensive systems) and row spacing across eleven Illinois locations during 
2014 and 2015. Values were averaged over both soybean variety relative 
maturities. 
Row Spacing Standard Intensive Δ 
Inches -------------------------------------------  bu ac-1 -------------------------------------------- 
20 74.7 84.8 +10.1‡ 
30 70.4 77.1 +6.7‡ 
Difference +4.3‡ +7.7‡  
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 









Table 1.22. Grain yield, yield components, and grain quality due to soybean variety relative 
maturity and averaged across eleven Illinois soybean management trials during 2014 and 2015. 
Yield (bu ac-1) is presented at 13% moisture while seed weight (mg seed-1) is presented on a dry 













 bu ac-1 number m-2 mg seed-1 ----------------------------------- % -------------------------------- 
Early-Season 76.7 3238 139.0 10.1 34.0 19.5 
Full-Season 77.9 3479 131.3 10.0 34.1 19.4 
Difference +1.2‡   +241‡ -7.8‡ -0.1‡ +0.1*** -0.1‡ 









Table 1.23. Soybean grain yield and harvest moisture changes due to relative 
maturity and row spacing averaged over eleven Illinois locations during 2014 
and 2015. Values were averaged over all other treatments. 
Row Spacing Early-Season Full-Season Δ 
 Grain Moisture 
Inches -------------------------------------------  % -------------------------------------------- 
20 10.4 10.3 -0.04* 
30 9.8 9.7 -0.09‡ 
Difference +0.6*** +0.6‡  
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 









Table 1.24. Soybean grain oil concentration changes due to relative maturity 
and row spacing averaged over eleven Illinois locations during 2014 and 
2015. Values were averaged over all other treatments. 
Row Spacing Early-Season Full-Season Δ 
 Grain Oil§ 
Inches -------------------------------------------  % -------------------------------------------- 
20 19.5 19.5 -0.1* 
30 19.5 19.3 -0.1‡ 
Difference +0.1† +0.2***  
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 
0.001(***), and 0.0001(‡). 
§, Rounding of values may result in discrepancies between individual values 









Table 1.25. Effect of enhanced agronomic management added to the ‘Standard’ 
system or omitted from the ‘Intensive’ system and averaged across all soybean 
varieties and row spacing configurations grown in Illinois during 2014 and 2015. 
Yield (bu ac-1) is presented at 13% moisture while seed weight (mg seed-1) is 
presented on a dry weight basis (i.e., 0% moisture). 
Add or Omit One 
Enhanced Factor Yield Δ  
Seed 
Number Δ  
Seed 
Weight Δ 
 bu ac-1  number m-2  mg seed-1 
Standard 72.5   3231   131.8  
+Phosphorus 78.6 +6.1‡  3438 +207‡  134.6 +2.8‡ 
+Potassium 73.0 +0.5  3256 +26  131.9 +0.1 
+P and K 77.9 +5.4‡  3392 +161‡  134.9 +3.1‡ 
+Fung. + Insect. 75.8 +3.3‡  3290 +59*  135.6 +3.8‡ 
+Seed Treatment 75.6 +3.0‡  3314 +83***  133.7 +1.9** 
         
Intensive 80.9   3442   137.9  
-Phosphorus 76.8 -4.2‡  3327 -115‡  135.6 -2.3‡ 
-Potassium 81.8 +0.8  3466 +24  138.8 +0.8 
-P and K 77.1 -3.9‡  3325 -117‡  135.9 -2.0*** 
-Fung. + Insect. 78.2 -2.7‡  3403 -39  134.8 -3.1‡ 
-Seed Treatment 79.5 -1.4**  3418 -24  136.5 -1.4* 









Table 1.26. Soybean yield and yield component changes due to enhanced agronomic management 
added to the ‘Standard’ treatment or omitted from the ‘Intensive’ treatment in combination with 
two row spacings in Illinois during 2014 and 2015. Yield (bu ac-1) is presented at 13% moisture 
while seed weight (mg seed-1) is presented on a dry weight basis (i.e., 0% moisture). Values within 
a column represent the difference relative to the ‘Standard’ or ‘Intensive’ treatment. Values were 
averaged over both variety maturities. 
 Row Spacing (Inches) 
 20  30 
Add or Omit One 









 bu ac-1 number m-2 mg seed-1  bu ac-1 number m-2 mg seed-1 
Standard 74.7 3359 130.1  70.4 3103 133.5 
+Phosphorus +7.4 +257 +3.2  +4.7 +158 +2.4 
+Potassium +1.3 +50 +0.8  -0.4 +1 -0.7 
+P and K +6.6 +200 +3.8  +4.2 +122 +2.3 
+Fung. + Insect. +3.7 +62 +4.3  +3.0 +56 +3.4 
+Seed Treatment +4.6 +132 +2.7  +1.4 +34 +1.1 
        
Intensive 84.8 3635 136.7  77.1 3249 139.1 
-Phosphorus -4.7 -148 -2.0  -3.6 -82 -2.6 
-Potassium +0.1 +7 +0.2  +1.6 +41 +1.4 
-P and K -4.5 -137 -2.2  -3.2 -97 -1.8 
-Fung. + Insect. -3.1 -50 -2.9  -2.3 -27 -3.3 
-Seed Treatment -2.1 -52 -1.5  -0.7 +5 -1.4 









Table 1.27. Grain quality changes due to enhanced agronomic management added to 
the ‘Standard’ treatment or omitted from the ‘Intensive’ treatment and averaged 
across all soybean varieties and row spacing configurations in Illinois during 2014 
and 2015.  
Add or Omit One 
Enhanced Factor 
Grain 
Moisture Δ  
Grain 
Protein Δ  
Grain 
Oil Δ 
 ----------------------------------------------------------------------------- % -------------------------------------------------------------------------- 
Standard 10.1   34.2   19.4  
+Phosphorus 10.1 +0.1†  34.2 -0.1  19.5 +0.1† 
+Potassium 10.0 0.0  34.2 -0.1  19.4 0.0 
+P and K 10.1 0.0  34.0 -0.2***  19.5 +0.1** 
+Fung. + Insect. 10.1 0.0  34.1 -0.1†  19.4 +0.1 
+Seed Treatment 9.9 -0.1‡  34.3 +0.1  19.4 0.0 
         
Intensive 10.1   33.9   19.5  
-Phosphorus 10.1 0.0  34.0 +0.1  19.4 -0.1 
-Potassium 10.1 -0.1†  34.0 +0.1†  19.5 0.0 
-P and K 9.9 -0.2‡  34.1 +0.2**  19.4 -0.1 
-Fung. + Insect. 10.1 0.0  34.1 +0.1†  19.5 0.0 
-Seed Treatment 10.1 0.0  33.8 -0.1†  19.6 +0.1 









Table 1.28. Soybean grain moisture changes due to enhanced 
agronomic management added to the ‘Standard’ treatment or 
omitted from the ‘Intensive’ treatment for two relative maturity 
groups in Illinois during 2014 and 2015. Values within a column 
represent the difference relative to the ‘Standard’ or ‘Intensive’ 
treatment. Values were averaged over both row spacings. 
 Relative Maturity 
Add or Omit One 
Enhanced Factor 
Early-Season  Full-Season 
Grain Moisture 
 % 
Standard 10.1  10.0 
+Phosphorus 0.0  +0.1 
+Potassium 0.0  -0.1 
+P and K 0.0  0.0 
+Fung. + Insect. -0.1  +0.1 
+Seed Treatment -0.2  -0.1 
    
Intensive 10.2  10.0 
-Phosphorus -0.1  0.0 
-Potassium -0.1  0.0 
-P and K -0.2  -0.1 
-Fung. + Insect. -0.1  +0.1 
-Seed Treatment -0.1  +0.1 











Table 1.29. Comparisons between the overall soybean yield differences between the Intensive (Int.) and the Standard (Std) 
management control treatments (shown as 95% confidence intervals; µIntensive-µStd) and the summation of the additional yield 
values provided by each supplemental treatment to the Std control (i.e. Std + Phosphorus, Std + Potassium, Std + Fungicide 
& Insecticide (Fung. & Insect.), and Std + Seed Treatment). Additionally, the Standard 20 inch vs. 30 inch row spacing yield 
difference was added as a management factor to the summation of 30 inch yield differences as shown by 20 Int. vs. 30 Std 
column. The additional yield value provided by each + factor treatment was calculated as the difference between the + factor 
and the Standard management control yield when significant.  
 Row Spacing (Inches) 
Treatment 20  30  Average  20 Int. vs. 30 Std ‡ 
 ----------------------------------------------------------------------------------------    bu ac-1 ---------------------------------------------------------------------------------------- 
µInt-µStd 10.1 (8.7-11.6)  6.7 (5.3-8.1)  8.4 (7.4-9.4)  14.5 (12.6-16.3) 
Σ(Y+ FACTOR –Y Std)† 15.7  7.7  12.4  12.0 
† Σ [(Y+ Phosphorus –Y Std) + (Y+ Potassium –Y Std) + (Y+ Fung. & Insect. –Y Std) + (Y+ Seed Treatment –Y Std)] 
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CHAPTER 2: DETERMINING THE OPTIMAL PROXIMITY OF 
FERTILIZER IN RELATION TO THE CROP ROW FOR CORN AND 
SOYBEAN 
EXECUTIVE SUMMARY 
Traditionally, most fertilizer applications are broadcast across the soil surface; however, 
modern corn (Zea mays L.) hybrids and soybean [Glycine max (L.) Merr.] varieties planted at 
increased populations result in smaller root systems that may not effectively exploit relatively 
immobile nutrients like phosphorus (P) that are placed between the rows. Banding fertilizer 
beneath the crop rows places nutrients in relatively close proximity to the crop roots, and may 
require modern precision guidance equipment for optimal placement. In some production systems, 
fertilizer is banded without precision guidance, or in a different direction than the crop is planted, 
usually due to a lack of confidence of knowing exactly where the fertilizer bands are, which can 
result in plants accessing varying levels of nutrients within the same field. The objective of this 
research was to determine how corn and soybean plants respond to fertility [100 (corn) or 75 
(soybean) lbs P2O5 ac
-1 as Micro Essentials SZ (12-40-0-10S-1Zn)] placed at different distances 
away from the crop row (broadcast, or bands 0, 3, 6, 9, 12, 15 inches), and whether changes in 
plant population would influence the efficacy of fertilizer applications. There was a substantial 
increase in early vegetative corn and soybean growth and plant stand uniformity when fertilizer 
was placed in closer proximity to the plant, despite the fact that the five field sites had an average 
high P soil test (approximately 32 (corn) and 38 (soybean) ppm Mehlich III extraction). Banding 
fertility directly beneath the row resulted in 20% more early season vegetative biomass 
accumulated than the UTC for both crops, and 14 to 15% more biomass than those plants receiving 
broadcast fertilizer for corn and soybean, respectively. Final grain yield of corn and soybean was 
increased 2% with broadcast fertilizer applications; although, placements of banded fertility 
directly (0”) beneath the row for corn increased yield by 9% (18 bu ac-1) and banding 3” to the 
side for soybean resulted in a 7% (4.9 bu ac-1) yield increase when compared to the UTC. The 
increases in yield were primarily driven by increases in seed number. The high plant population 
resulted in greater yield, but did not require fertilizer to be placed at closer proximities than for the 
low plant population. Yield and recovery efficiencies were, in all cases for phosphorus and sulfur, 
greater with the high plant population and fertilizer banded at the closer proximity to the plant. 
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These data suggest that adapting fertilizer placement techniques such as banding fertilizer should 
be used with other technologies that can place plants in close proximity to the phosphorus fertilizer. 
 
INTRODUCTION 
Increasing environmental concerns dictate alternative methods of applying fertilizers, such as 
banding, in order to decrease nutrient loss and promote increased fertilizer efficiency, even when 
soil test levels are high (Bundy, 2001). Fertilizer application technologies such as banding and 
scheduling applications closer to when the crop takes up phosphorus (P) can reduce nutrient loss 
of P and eutrophication when compared to broadcast fertilizer applications (Kimmel et al., 2001; 
Penas and Sander, 1982). While broadcast applications are more efficient at making timely 
applications to larger acreages and relatively uniformly covering the soil surface, there are 
instances when a large proportion of these nutrients are positionally unavailable to the crop as the 
roots are not exploiting nutrients from the entire soil profile, especially in situations of increased 
plant densities that restrict the horizontal spread of roots between crop rows (Mengel and Barber, 
1974; Murrell, 1998; York et al., 2015). Planting densities have continued to increase by a 
magnitude of approximately 300 plants ac-1 per year in the corn-belt since the 1960’s (USDA-
NASS, 2017). As plant densities increase, horizontal spread of the root decreases, which highlights 
the importance of nutrient availability to the crop (Figures 2.1 and 2.2). 
There are environmental consequences of applying more P fertilizer to support greater crop 
yields, especially in freshwater ecosystems across the Midwest (Michalak et al., 2013).  The 
concern is that in fall, broadcast fertilizer applications, no-tillage systems, or when applied as 
manure, P binds tightly to soil particles that can be lost from agricultural fields through soil erosion 
and runoff following rain events, ultimately leading to eutrophication in nearby water bodies 
(Michalak et al., 2013). Other studies have shown a high percentage of broadcast fertilizer remains 
in the upper few inches of topsoil, even after fairly disruptive tillage operations, such as chisel 
plowing (James and Wells, 1990). One method for mitigating the challenges associated with 
greater levels of P in the upper soil profile is by placement of P in bands at soil depths in closer 
proximity to the crop roots, below the crop row, instead of broadcasting nutrients across the entire 
field (Bruulsema and Murrell, 2008).  
Phosphorus is a relatively immobile nutrient in the soil; therefore, to maximize fertilizer use 
efficiency, it needs to be placed in close proximity to plant roots. Banding nutrients below the soil 
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surface can increase their availability to crops like corn; however there is less information 
regarding soybean yield responses to fertilizer placement (Ham and Caldwell, 1978; Penas and 
Sander, 1982, Yin and Vyn, 2003). Nutrient uptake has been shown to increase when multiple 
nutrients are applied together in a band, compared to when applied in separate bands (Miller and 
Ohlrogge, 1958). Uptake of P by plants can be further complicated as it is strongly influenced by 
soil temperature and moisture because plants cannot easily increase root growth in cool or dry soil. 
The upper soil profile is prone to wider fluctuations in moisture and temperature and therefore, is 
less optimal for P accumulation, while deeper placed nutrients can consequently be more plant 
available (Armstrong, 1999; Boomsma et al., 2007). Technologies such as banding increase the 
concentration of a nutrient in the soil solution at the root surface, which is the primary factor 
affecting the rate of nutrient uptake into the root (Barber, 1976; Barrow, 1980; Bar-Yosef, 1977; 
Bolan, 1991; Warncke and Barber, 1974). Phosphorus concentrations within the plant have been 
highly correlated with roots’ proximity to P within the soil, and ensuring that fertilizer is accessible 
to young plants is important since nutrient uptake per area of root is greatest when plants are young 
and decreases with plant age (Kuchenbuch, 1987; Warncke and Barber, 1974). While several 
factors may account for a lack of P-induced yield responses in previous studies with subsurface P 
application, lack of automatic guidance leading to less accurate fertilizer placement to the crop 
roots is a major contributor (Mallarino et al. 1999; Mengel et al., 1988). The adoption rates of 
precision guidance equipment in agriculture have increased from less than 5% of acres prior to the 
year 2000 to more than 50% of corn and soybean acres currently (Schimmelpfennig, 2016). With 
the increasing availability of banding implements and GPS technology, fertilizer can now be 
accurately placed with sub-inch accuracy; however, little is known of the degree of accuracy or 
optimal distance from the row required to maximize fertilizer efficiency and yield. 
Identifying methods to increase plant P use efficiency is important not only to identify the most 
economically efficient strategies to produce grain yield, but also to lessen the potential detriment 
of nutrient loss to the environment, which can cause problems such as eutrophication of nearby 
water bodies (Cordell et al., 2009; Michalak et al., 2013). Plant P use efficiency can be calculated 
in several different ways, but the primary methods include evaluating whether each additional 
increment of P fertilizer increases grain yield (yield efficiency), or determining how much of the 
applied fertilizer is accumulated or recovered by the plant (uptake or recovery efficiency). Yield 
efficiency of different placement methods of fertilization, such as broadcast P fertilizers, varies 
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with application rate, and is dependent on the soil type (Welch et al., 1966). In general, and 
particularly at decreased P fertilizer rates, less fertilizer is required when banded than broadcasted 
to achieve comparable yields due to a higher concentration of nutrient in a smaller volume of soil 
when banded, primarily leading to less fixation with the soil (Kaiser et al., 2010; Laboski et al., 
2006; Peterson et al., 1981; Sturgul, 2010; Welch et al., 1966). High concentrations of nutrients 
from greater fertilization rates in bands have been shown to increase the area of available fertilizer 
relative to the placement of the band due to less immobilization of the nutrients since the soil 
exchange sites are overloaded with nutrients, thus lower rates of fertilizer would likely exacerbate 
the requirement for more accurate placement effects on nutrient uptake and yield (Lohry, 1998). 
Despite these findings, yield differences and P recovery efficiencies between banded versus 
broadcast applications at yield goal-removal based fertilizer rates are rarely evaluated.  
The objectives of this research were to determine the optimal proximity of a P-based fertilizer 
subsurface band to the crop row for greatest plant uptake and yields, and to determine whether 
varying plant densities require different fertilizer application strategies. We hypothesize that 1) 
subsurface banded fertilizer placed closer to the row, compared to broadcast applications, would 
be more accessible to plant roots and would increase crop growth, yield, and P uptake; and, 2) 
higher plant populations would require a greater degree of accuracy when it comes to banded 
fertilizer placement. 
 
MATERIALS AND METHODS 
Fertilizer management 
Fertilizer applications of 100 and 75 lbs P2O5 ac
-1 as MicroEssentials SZ (12-40-0-10S-1Zn, 
The Mosaic Company, Plymouth, MN) for corn and soybean respectively, were banded in the 
spring in a separate pass prior to planting beneath the future planted crop. Eight horizontal distance 
placements of fertilizer (No P fertilizer (UTC), broadcast, or placed in 4-6-inch deep bands 0, 3, 
6, 9, 12, and 15 inches from the plant row) was achieved by shifting the tractor and three-point 
mounted subsurface banding toolbar (DAWN 6000 Universal Fertilizer Applicator, Dawn 
Equipment, Sycamore, IL) over the pre-determined distance from the future crop row using real 
time kinetic (RTK, ParaDyme, Ag Leader, Ames IA) sub-inch accuracy guidance (Table 2.1). 
Broadcast fertilizer was applied prior to planting using a Kubota RTV1100 all-terrain vehicle 
(Kubota Tractor Corporation, Torrance, CA) carrying a research scale broadcast spinner spreader 
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(Earthway Products Inc., Bristol, IN) and incorporated with a drag harrow (King Kutter Inc, 
Winfield, AL) for both crops.  
 
Agronomic management 
Soybean followed a previous corn crop while corn followed a previous soybean crop in three 
site-years (Champaign and Harrisburg, 2015, and Harrisburg, 2016) and corn in two years 
(Champaign, 2014 and 2016). Corn received a base nitrogen (N) rate of 180 lbs N ac-1 as urea 
ammonium nitrate (UAN, 28-0-0) or urea (46-0-0) applied preplant and incorporated with the 
finishing tillage pass or harrow. Corn plots not receiving P fertilizer received an additional 30 lbs 
of N as urea broadcast and incorporated prior to planting, or broadcasted shortly following 
emergence to balance for the additional N from the MicroEssentials SZ fertilizer. Soil samples 
were taken prior to planting from a depth of 0 to 6 inches and combined from 10-15 soil probe 
cores per replication and analyzed using the Mehlich III Inductively coupled plasma (ICP) 
extraction method by a commercial soil testing laboratory (A&L Great Lakes Laboratories, Fort 
Wayne, IN), which is one of the recommended chemical soil test procedures for the North Central 
Region (Warncke and Brown, 1998) (Table 2.2). Weed control consisted of pre-emergence and 
post-emergence applications of commercially available herbicides to prevent weeds from 
confounding treatment results. A blanket foliar fungicide application of 14.4 oz ac-1 of Headline 
AMP (16.4% Pyraclostrobin + 5.14% Metconazole; BASF, Florham Park, NJ) and deposition aid 
(2015 and 2016 only) of 6.4 oz ac-1 of Masterlock (Modified vegetable oil, polyoxyethylene 
sorbitan fatty acid ester, vegetable oil and soybean oil ethoxylated; WinField United, Shoreview, 
MN) was made to corn at the VT/R1 growth stage (tassels or silks first emerged, Licht et al., 2011) 
to mitigate risk of late season diseases, while soybean received a R3 (3/16 inch long pods 
developing within the four uppermost nodes; Licht, 2014) blanket fungicide application of 8 oz 
ac-1 of Priaxor (Fluxapyroxad + 28.58% Pyraclostrobin) (BASF, Florham Park, New Jersey) and 
2.4 oz ac-1 of the insecticide Fastac EC (10.9% alpha-cypermethrin) (BASF, Florham Park, New 
Jersey) in 2014 and 2015, while 7 oz ac-1 of Quadris Top SBX (19.8% Azoxystrobin + 19.8% 
Difenoconazole) (Syngenta, Greensboro, NC) fungicide and 3.5 oz ac-1 of Endigo ZC (9.48% 
Lambda-cyhalothrin + 12.6% Thiamethoxam) insecticide was mixed with 0.125% v/v rate of 
nonionic surfactant (NIS) (FS AquaSupreme: 90% Alkyl polyethoxy ethers, ethoxylated and 
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Trials were planted using a precision planter (Seed Pro 360 with sky trip GPS, ALMACO, 
Nevada, IA) with variable plant population using the same RTK guidance technology as the 
fertilizer application pass. The Champaign, IL (CU) corn sites were planted 15th June, 20th May, 
and 22nd April in 2014, 2015, and 2016 respectively, while Harrisburg, IL (HB) was planted 02nd 
and 04th of May in 2015 and 2016. The Champaign soybean sites were planted 27th, 23rd, and 23rd 
of May in 2014, 2015, and 2016 respectively, while Harrisburg was planted 03rd and 05th of May 
in 2015 and 2016. Commercially available corn hybrids (2014 & 2015 CU: DeKalb DKC63-
33SSRIB, 2015 HB & 2016 CU: Croplan 7087 VT2P/RIB, 2016 HB Croplan 8621VT2P/RIB) 
and soybean varieties (2014 & 2015: Croplan R2C3783, 2015: Croplan RX3746) were planted in 
30 inch rows at a high (45,000 plants ac-1 in corn, 160,000 plants ac-1 in soybean) and low target 
plant population (30,000 plants ac-1 in corn, 106,667 plants ac-1 in soybean); the latter representing 
the same interplant spacing as if the higher plant population was planted in 20 inch rows (Table 
2.1). Experiments were conducted across five environments per crop between the years 2014 to 
2016 (Table 2.2). An experimental unit consisted of four row plots, 40 feet in length, and in 30 
inch row spacing with the center two rows being used for growth and yield assessments.  
 
Plant sampling and partitioning 
In-season growth height assessments were collected from ten consecutive corn plants (at 
approximately growth stage V7) or ten random soybean plants (at approximately growth stage R1, 
flowers on main node of stem; Licht, 2014) measuring from the ground to the highest part of the 
plant to identify treatment effects on plant growth. Total biomass and nutrient accumulation 
sampling consisted of manually excising four plants at the soil surface during the full pod R4 
(2014) and beginning seed R5 (2015) reproductive growth stages for soybean, or six plants excised 
at the soil surface at physiological maturity (R6) for corn. Corn was partitioned into grain and 
stover samples, while in soybean total above ground biomass (vegetation, pods, and potentially 
some small seeds) was obtained. Due to the excessive number of samples for potential complete 
tissue and grain analysis, select stover treatments were oven dried, and processed through a 2 mm 
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Wiley Mill (Thomas Scientific, Swedesboro, NJ) screen or grain samples collected from the 
combine were ground through a Stein Mill (Seedburo Equipment Company, Des Plaines, IL) and 
analyzed for N, P, sulfur (S), and zinc (Zn) at a commercial testing laboratory (A & L Great Lakes 
Laboratories, Inc., Fort Wayne, IN). The samples selected for nutrient analysis consisted of three 
site-years of corn, and two site-years of soybean (half of the sites), banded placements of 0, 3 
(soybean only) and 6 inches from the row, broadcast, and UTC fertilizer distance treatments for 
each analyzed site-year, and were evaluated within each plant population. Nitrogen was analyzed 
by dry combustion and other nutrients by a two part acid-microwave digestion followed by 
Inductively Coupled Plasma (ICP) spectroscopy (Latimer and Horwitz, 2011). Macronutrient 
concentrations are expressed as a percentage by weight and micronutrients in parts per million. 
Total biomass accumulation per area for corn was derived from the weight per plant and stand 
tally, and is expressed on a dry weight basis (i.e., 0% moisture). Soybean total biomass was derived 




Yield was measured with a plot combine by harvesting the center two rows of each plot and is 
reported as grain weight in bushels per acre at 15.5% or 13% moisture for corn and soybean 
respectively, while seed weight units are expressed on a dry weight basis (i.e., 0% moisture). A 
grain subsample from each plot was analyzed for grain quality (i.e. protein, oil, and starch 
concentrations) using near-infrared transmittance spectroscopy and for the determination of yield 
components (seed weight and seed number). 
 
Statistical analysis 
These studies were conducted in a split-split block design, with fixed effects of fertilizer 
application distance (n=8) as the main block and plant population (n=2) as the split block for each 
crop. Random effects consisted of five to eight replications depending on site and year. Grain yield 
was analyzed using PROC MIXED in SAS (Version 9.4; SAS Institute Inc., Cary, NC) and 
significance was declared at P ≤ 0.05 while using the PDIFF macro to obtain LSD values (Saxton, 




RESULTS AND DISCUSSION 
Weather conditions 
The weather conditions experienced in 2014 were characterized as below-average temperature 
and above-average precipitation throughout much of the growing season (Table 2.3). As a result, 
corn planting was delayed into June and both corn and soybean experienced very little weather-
induced heat or moisture stress throughout the growing season.  
In 2015, Illinois experienced a warm April and May, and cooler than average June, July, and 
August. May had slightly above average rainfall in Champaign, and slightly below average rainfall 
in Harrisburg, but in June, the whole state of Illinois experienced record rainfall (records dating 
back to 1886), with Champaign and Harrisburg receiving 5 and 4 inches above normal, 
respectively. Harrisburg continued to receive greater than average rainfall through July then turned 
drier than average in August. July and August were dry for Champaign, with good pollination and 
grain-filling conditions.  
Although the 2016 crop growing season experienced average temperatures and precipitation 
throughout much of the year, above average temperatures and slightly below average rainfall in 
late July and early August allowed for above average crop conditions following a very wet June 
in Champaign. In 2016, Harrisburg experienced above average precipitation in all months 
throughout the growing season except for June, while average temperature was higher for all 
months except for May. Overall, the 2014 through 2016 growing seasons offered an array of 




Analysis of variance of the main effects and interactions of population and distance for plant 
height and other plant measurements are shown in Table 2.4. While corn plant height was not 
affected by changes in plant population, placement of fertilizer at distances closer to the seed (0, 
3, 6, and broadcast) resulted in greater V7 plant height, ranging from 1.3 inches (6%) additional 
height from broadcast fertilizer to 4.5 inches (20%) taller from fertilizer placed directly under the 
row (0 inches) (Figure 2.3, and Tables 2.5 and 2.6). Increased early season plant height sets the 
yield trajectory for greater seed number and greater photosynthetic potential (Vega et al., 2001). 
Additionally, more consistent plant stands (less plant-to-plant variation) for corn results in reduced 
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plant competition and greater yield potential (Boomsma et al., 2010). Plant-to-plant variation is 
often calculated by determining the standard deviation of the plant heights; however, comparing 
drastically different height averages can result in misleading interpretations when using solely the 
plant height units. Calculating plant-to-plant variation on a percentage basis allows for better 
interpretation across varying plant heights. Plant height variability decreased on a percentage basis 
(P < 0.0001) when P fertilizer was banded directly under the crop row, and variation increased as 
plant distance from the fertilizer band increased (Figure 2.3, Table 2.6). 
 
Plant biomass 
The high plant population resulted in greater accumulation of corn stover and total biomass 
than the low plant population, which may be important for operations such as feedlots or dairies 
looking to achieve maximum biomass per acre (Tables 2.4 and 2.5). All fertilizer applications 
resulted in numerically greater grain biomass than the UTC; however, only applications at 
distances of 0, 3, 6, and 9 inches resulted in statistically significant increases in grain biomass 
(Tables 2.4 and 2.6). Grain harvest index (the proportion of grain to total biomass accumulated) 
was greater in the low plant population, due to less stover biomass at harvest (Figure 2.4). With 
decreased quantities of biomass to remobilize nutrients to the grain during grain-fill, it is likely 
that to increase grain yield, the low plant population either took up nutrients later in the growing 
season or had higher nutrient concentrations within the stover prior to sampling. Grain harvest 
index only increased over the UTC from banded fertilizer placements located within 9 inches of 
the crop row (Table 2.6). 
 
Grain yield, yield components, and quality 
Changes in plant population and fertilizer placement distance had highly significant influences 
on corn yield (Table 2.4). While there was not a population by distance interaction, grain yield was 
increased by nearly 3 bu ac-1 when grown at the high plant population (Figure 2.5 and Table 2.7). 
Although this yield response was significant, 45,000 plants ac-1 is often above the current 
recommended plant population in a 30 inch row spacing for corn grain production; however, it 
may be a density supported by a highly managed 20 inch row system, as plants would thereby be 
more equally spaced (Bandy, 2014). Regardless of the row spacing, as plant densities increase, 
decreased horizontal root spread will be a phenological trait that will need to be accounted for 
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when considering plant nutrient uptake requirements. All fertilizer applications resulted in 
numerically greater grain yield, although only fertilizer banded within 9 inches of the crop row 
resulted in statistical yield increases (Table 2.8). Broadcast fertilizer applications are one of the 
most used methods for applying fertilizer, and tended to increase grain yield by 5 bu ac-1 (2%), 
although when fertilizer was accurately placed directly beneath the crop row, grain yields were 
statistically increased by 18 bu ac-1 (9%) (Figure 2.5 and Table 2.8). The yield responses from 
fertilizer were greater than expected, especially considering that the average P, S, and Zn soil test 
values were 32, 6, and 0.9 ppm respectively, all of which were at or above the respective soil test 
critical values (Table 2.2). 
When comparing the corn grain yield 9% increase to the vegetative height increase of 20% due 
to banding the fertilizer directly under the crop row, this difference indicates that at some point 
through the growing season the plant likely lost or compensated for some of its theoretical yield 
potential. This change in yield potential is supported by yield component changes in seed number 
and seed weight (Table 2.4). Seed number per area is usually driven by an increase in plants per 
area, and/or an increase in seeds per plant. Fertilizer placed closer to the row resulted in increased 
stand retention towards the target population as well as increased seed numbers per area (Table 
2.8). Despite the substantial yield increases attributed to greater seed number per area, fertilizer 
placed closer to the row (e.g. 0 and 3 inch) decreased seed weight (Table 2.8). Plant population 
affected yield components in a manner similar to the fertilizer placement distance, where greater 
grain yield was driven by increased seed number accompanied by lesser decreases in seed weight 
(Table 2.7). There was no significant interaction between plant population and fertilizer placement 
distance from the row on grain yield. This lack of interaction may be due to the fertilizer 
applications primarily affecting yield via increases in seed number, which is predominately at a 
time when early season roots are approximately the same size before plant density competition 
starts to occur. Furthermore, the benefits of banding and broadcast fertilizer applications likely 
occur at different times, where broadcast fertility is more assessable later into the growing season 
as roots develop into other areas of fertilized soil, while close banded applications primarily 
influence yield potential early by increased seed number, but do not offer fertility away from the 
plant for later root growth to intercept. Yield increases from combinations of banding and 
broadcast fertilizer applications, or banding into fertile soils can offer greater yields than any 
individual practice (Welch et al., 1966). 
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High plant population and closer fertilizer placement resulted in 0.3 and up to 1.1% decreases 
in grain moisture respectively (Tables 2.7 and 2.8). Only fertilizer banded within 6 inches of the 
crop row set the trajectory for greater yield and decreased grain moisture by hastening maturity. 
Corn grain quality concentrations of protein, oil, and starch were primarily affected by changes in 
planting density (Table 2.7). The high plant population led to decreased grain protein and oil 
concentrations with concomitant increases in grain starch (Table 2.7). Greater yields are generally 
associated with decreased grain protein or increased starch concentrations, which also tend to 
occur with closer fertilizer placement (Acreche and Slafer, 2009; Munier-Jolain and Salon, 2005; 
Simmonds, 1995).  
 
Nutrient concentrations 
Nutrients placed closer to the crop row increased early season plant biomass accumulation and 
consequently decreased plant nutrient concentrations (data not shown). Corn R6 stover nutrient 
concentrations were relatively unaffected by changes in plant population or fertilizer placement 
distance; however the high planting density led to lower concentrations in the stover of soil 
immobile nutrients such as P and Zn (Tables 2.4 and 2.9). This lack of treatment effects on nutrient 
concentrations in the plant stover was likely partially due to remobilization of nutrients from plant 
stover to the grain, or from dilution effects from extra plant growth (Bender et al., 2013). The grain 
nutrient concentrations of N, P, S, and Zn were all affected by plant population and P, S, and Zn 
were affected by fertilizer placement distance and generally fell within the lower side of optimum 
grain concentration range as reported by Heckman et al. (2003). Growing corn at the high plant 
population reduced the concentrations of N, P, S and Zn in the grain by 4, 7, 5, and 5% respectively. 
In both stover and grain, only concentrations of P and Zn were affected by changes of plant 
population. Broadcast fertilizer applications led to greater grain P concentrations, while both 0 and 
6 inch fertilizer bands led to greater grain S concentrations than the UTC (Table 2.10). Kaiser et 
al. (2010) observed that when N and P were banded without the addition of S, plants had greater 
S concentrations, which supports the concept that nutrients applied together can aid in the uptake 
of other nutrients. Decreased zinc concentrations in the stover and grain were primarily associated 
with banded treatments, which could be due to increased concentrations of P from nutrient bands 
immobilizing zinc and lessening its availability, or by decreased root growth through the entire 
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soil profile in exploration of nutrients (Tables 2.4 and 2.10; Langin et al., 1962; Orabi et al., 1981; 
Richards, 1977; Takkar et al., 1976). 
 
Nutrient content 
Stover, grain, and total biomass nutrient contents of N, P2O5, S, and Zn as a result of plant 
population changes are shown in Table 2.4.  Corn stover contents of nutrients tended to be 
unaffected by plant population changes, although the plants grown at the high population 
accumulated more N than those grown at the low plant population (data not shown). Nitrogen, 
P2O5, S, and Zn grain contents varied (P < 0.0001) as a result of either of the main treatments 
(Table 2.4). Despite having greater yields, corn planted at the high plant population resulted in 
lower total contents of all nutrients in the grain, and less total P2O5 accumulation overall which 
was also similar to findings by Ciampitti and Vyn (2014) (Table 2.11). Broadcast fertilizer 
applications and fertilizer placed at 0 and 6 inches resulted in greater grain P2O5 and Zn contents 
than the UTC (Table 2.12). While N was balanced between all treatments in these studies, a greater 
quantity of N was assimilated into total biomass, but varied with planting density and fertilizer 
placement. Of all the fertilizer placement treatments, both banded (0 and 6 inch) fertilizer 
placements consistently resulted in the greatest grain nutrient accumulations, and total nutrient 
uptake for N, P2O5, and S when compared to the UTC or broadcast fertilizer applications (Table 
2.12). Kaiser et al. (2010) found that nutrient uptake was greater with fertilizer banded 2 x 2 inches 
to the side and beneath the seed when no response from fertilizer occurred with broadcast fertilizer 
applications suggesting that the band application itself promotes greater plant nutrient availability. 
The low plant density led to approximately 5% greater total N accumulated than when plants were 
grown at the high plant density when no P fertilizer was applied or P was broadcast (data not 
shown). However, banded nutrients within 6 inches from the crop row resulted in plants grown at 
the high plant population accumulating 5% greater total N than those grown at the low plant 
population (data not shown).  
 
Nutrient efficiencies 
The low plant population resulted in statistically greater N, S, and Zn harvest indexes than the 
high plant population, signifying that a greater proportion of the acquired nutrients was partitioned 
into the grain (Tables 2.4 and 2.13). These data are consistent with other research where 
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phosphorus recovery efficiencies were lower than other nutrients such as nitrogen (Franzen and 
Gerwing, 1997; Johnston and Syers, 2009; Rasmussen and Collins, 1991). High planting density 
tended to promote greater nutrient recovery efficiencies by nearly double for P2O5, Zn, and 
especially sulfur (Tables 2.4 and 2.13). Fertilizer banded beneath the crop row resulted in a 5% 
greater recovery efficiency of S when compared to broadcast fertilizer, while P2O5 recovery 
efficiencies tended to increase by about 4% (data not shown). Yield efficiency of a particular 
nutrient is a measure of the efficiency at which a unit of nutrient creates a unit of grain. The high 
plant population resulted in greater phosphorus or yield use efficiency (PUE) than the standard 
plant population, which was particularly true when fertilizer was placed closer to the plants (data 
not shown). An important finding is that fertilizer placed closer to the crop row results in greater 
yield efficiency (more yield per unit of nutrients) than those placed further from the plant or applied 
by broadcasting (Table 2.14). If the greater grain nutrient concentrations from the broadcast 
fertilizer placement when compared to banded fertilizer treatments were used alone to assess the 
relative P efficiency, the total P accumulation would have been underestimated and the broadcast 
treatment misinterpreted for recovering P more efficiently (Tables 2.10 and 2.12). Table 2.14 
indicates that the S use efficiency reported here is greater than has been characterized by some of 
the highest sulfur response studies in Illinois, which is likely due to the contribution of multiple 
nutrients (i.e. P or Zn) in the sulfur fertilizer source (Fernández, et al., 2012). Finally, as was 
observed by Bender et al, (2013), the relatively high quantity of partitioning of zinc to the grain 
from the total amount taken up (Zn harvest index) was greater when fertilizer was banded beneath 
the row, despite extremely low uptake efficiencies (Table 2.14). These low uptakes suggests that 
plants are either not responding or acquiring the Zn from MicroEssentials SZ, or that the soil is 
supplying adequate quantities of Zn to the plant in which additional fertilizer applications would 
not have any influence on further Zn uptake. Warnock (1970) and Takkar (1976) documented 
phosphorus and zinc interactions within the plant and soil, so it is plausible that additions of P 
fertilizer limited the zinc mobility from the fertilizer. The very little change in uptake efficiencies 
from broadcast or banded applications indicate that there were no detriments to banding the 








Increased soybean plant height results in greater photosynthetic potential, more rapid canopy 
closure, and decreased weed pressure among other benefits (Egli and Bruening, 2001). Analysis 
of variance of multiple plant and nutrient measurements indicated that changing plant population 
and MicroEssentials SZ fertilizer application distance resulted in several highly significant effects 
on plant growth (Tables 2.15 and 2.16). Soybean grown at the high plant population or fertilizer 
placed closer to the plant resulted in taller plants (P < 0.0001) (Figure 2.6 and Table 2.15). 
Broadcast fertilizer applications increased plant height by 1.6 inches as compared to the UTC, 
which was statistically similar to fertilizers banded 6 inches away from the row. Banded fertilizer 
applications within 3 inches of the crop produced the greatest plant heights. Plant-to-plant variation 
has customarily not been as big of a concern compared to corn, since soybean varieties express 
increased plasticity to branching (Green-Tracewicz et al., 2011). Plant height variation percent 
should be used to account for differences in uniformity of treatments since, similar to corn, taller 
plants from fertilizer treatments placed closer to the plant will inheritantly have greater absolute 
height variation (Table 2.15, data not shown). On a percentage basis, height variation of those 
plants grown at the high population had 0.8% less variation than when grown at the low plant 
population (data not shown). 
 
Grain yield, biomass, yield components, and quality 
Soybean grain yield was highly affected by both plant population and fertilizer placement 
proximity to the row, although there was not a strong consistent statistical interaction for grain 
yield (Figure 2.7, Table 2.15). Soybean grown at the high plant population yielded 3.3 bu ac-1 more 
than those grown at the low plant population (Figure 2.7, Table 2.16). Only banded fertilizer placed 
within 3 inches from the crop row resulted in yield responses of up to 4.9 bu ac-1 over the UTC 
(Figure 2.7, Tables 2.15 and 2.17). Broadcast fertilizer tended to increase yield by about 1.8 bu 
ac-1 over the UTC; however, the yield response was not statistically significant which may have 
been due to random selection of highly fertile sites. The soybean yield responses from banded 
fertilizer were greater than expected, especially considering that the average P, S, and Zn soil test 
values were 38, 12, and 1.2 ppm respectively, all of which were above the corresponding soil test 
critical values (Table 2.2).  
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Similar to corn, using both the high plant population and the greater-yielding fertilizer 
placements resulted in greater seed number per area (Tables 2.16 and 2.17), which would be 
supported by the fact that P aids in flower initiation through increased cell division (Hanway and 
Thompson, 1967). Soybean did not have the same level of yield component compensation as that 
of corn, where soybean maintained relatively constant seed weight regardless of the number of 
seeds per area (Figure 2.8). The lack of decrease in seed weight is likely due to the more complex 
nature and long seed-fill duration in soybean, where the yield of soybean varieties is often source-
limited in how well they can fill their seed number later in the growing season (Andrade and 
Ferreiro, 1996, Egli and Bruening, 2001). Interestingly, the 3 inch placement of banded fertilizer 
to soybean resulted in the greatest yields, which was driven by both an increase in seed number 
and the largest increase in seed weight (Figure 2.8). The better yields as a result of greater seed 
number and seed weight from the 3 inch fertilizer placement compared to the placement directly 
beneath the row may be attributed to the fact that the majority of nutrients are taken up near the 
root tips (Richards, 1977). Crops such as soybean can be quite sensitive to direct seed placement 
of fertilizer such as those containing N or K, or fertilizer banded beneath the plant on course 
textured soils (Randall and Hoeft, 1988). Since soybean plants have a taproot that does not expand 
horizontally to as great of an extent as corn, the 3 inch fertilizer placement may have initiated 
enough plant growth to affect seed number, while still being just far enough away for the later 
expansion of lateral roots to take up available nutrients during seed-fill, leading to an increase in 
seed weight and yield.  
Soybean grain moisture at harvest appeared to generally be higher for treatments resulting in 
the greatest seed weights, which may be associated with slower dry down of the heavier seeds 
(Harper et al., 1970; Table 2.17). The greater-yielding high plant population resulted in greater 
grain protein concentration with a concomitant decrease of grain oil concentration (Tables 2.15 
and 2.15). Nearly all fertilizer applications resulted in greater grain protein, with banded 
applications within 6 inches of the crop row and broadcast applications generally leading to the 
greatest concentration of seed protein (Table 2.17). Similar to corn, total plant biomass 
accumulation was highly affected by both plant population and proximity of fertilizer placement. 
Planting at the high plant population resulted in 16% more biomass accumulated compared to those 
plants grown at the low population, while fertilizer banded at further distances from the crop row 




Nutrient concentrations and content 
Soybean whole plant nutrient concentrations of P and S were affected by fertilizer placement 
distance from the row (Table 2.15). Banded fertility supplied directly beneath the row was the only 
treatment that statistically increased plant P concentration over the UTC; however, broadcast 
fertilizer application also tended to lead to greater plant P concentrations when compared to the 
UTC. All fertilizer placements except the 0 inch placement resulted in statistically significant 
greater S concentration in the plant than the UTC (data not shown, Table 2.15). With the relatively 
little change in nutrient concentrations, increases in plant nutrient uptake was a result of greater 
overall biomass and yield. 
Total nutrient uptake of N, P2O5, S, and Zn was highly affected (P < 0.0001) by plant 
population where plants grown at the high plant population had more uptake of nutrients than those 
grown at the low population (Tables 2.15 and 2.18). Phosphate uptake by the crop was numerically 
greater than the UTC in all fertilized treatments; however, phosphate placed closest to the plant 
row resulted in the greatest P uptake (Table 2.19). Soybean sulfur uptake was greater with all 
fertilizer applications than the UTC; however, unlike phosphate, sulfur uptake was similar 
regardless of fertilizer placement distance. The more consistent uptake of S across fertilizer 
placements may be due to S being a more mobile nutrient than phosphate, and accurate fertilizer 




Yield nutrient use efficiency of phosphorus and sulfur applications was highly influenced by 
both plant population and fertilizer placement distance (Table 2.15). The high soybean plant 
population resulted in over twice the PUE and SUE of that of the low plant population which was 
driven by plants not receiving fertilizer having lower yields at the high population (Table 2.18). 
Fertilizer placed at 0 to 3 inches from the crop row resulted in the greatest phosphorus and sulfur 
use efficiencies (Table 2.19). Soybean appeared to have lower nutrient use yield efficiencies than 
did corn; however, the relative PUE or SUE increase in efficiencies due to higher plant population 
is worth noting. Additionally, while little research has indicated SUE values for soybean, the 
greater values suggest that, similar to corn, other nutrients such as phosphorus may be contributing 
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substantially to increases in yield. Recovery efficiency of banded phosphate 0 inches from the crop 
row resulted in a 10% greater recovery efficiency than broadcast fertilizer (Table 2.19). Finally, 
phosphate and especially sulfur recovery (fertilizer uptake) efficiencies tended to be greater than 
those of corn, despite lower yield efficiencies. This finding indicates that soybean varieties either 
are luxury consuming nutrients, not remobilizing nutrients to the grain as efficiently, or using them 
to create increased stover biomass. Interestingly similar to corn, soybean total Zn uptake and Zn 
uptake efficiencies did not appear to be affected by premium P fertilizer applications that contained 
Zn, which warrants further examination. 
 
CONCLUSIONS 
Banding phosphate-based MicroEssentials SZ fertilizer within 6 inches of the crop row 
resulted in greater yields than fertilizer placed at further distances; however, responses were 
greatest if the fertilizer was banded directly beneath the row for corn, or within 3 inches of the row 
for soybean. Banded fertilizer treatments at the optimal placement for each crop primarily 
increased yield via an increase in seed number, and taller and more uniform vegetative plant 
heights. While the high plant density resulted in greater yield, there were no statistically significant 
interactions requiring fertilizer to be placed closer to the row when using the high plant density. If 
a producer’s goal is to increase yield efficiency (create more bushels per unit of fertilizer), then 
increasing planting density as well as banding the MicroEssentials SZ fertilizer beneath the row 
may increase yield per unit of nutrient applied for both corn and soybean crops. Phosphorus and 
sulfur recovery efficiencies were increased by planting at the high plant population, as well as 
banding nutrients closer to the crop row. These findings support the idea that precision fertilizer 
placement and higher planting densities can influence many growth parameters and nutrient uptake 
in corn and soybean. 
 
Considerations for future research 
The finding that fertilizer placed closer to the crop row results in greater yields and nutrient 
efficiencies should be a goal of any fertilizer application. Although no research has looked at the 
placement of premium MicroEssentials SZ, the use of mono-ammonium phosphate (MAP) based 
fertilizer source close to the crop row has been identified as a safer alternative than the use of 
di-ammonium phosphate (DAP) fertilizer sources due to the potential for extra free ammonia to 
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harm seedling growth (Richards, 1977). Other fertilizer sources such as potassium chloride have 
high salt indices that may delay imbibition of water by germinating seeds. Furthermore, some 
fertilizer application systems such as strip-till may consider placing multiple nutrient source blends 
into the strip, which may exacerbate salt and nitrogen injury to the crop and require greater 
knowledge of how far from the seed the fertilizer needs to be placed. With the advent of precision 
application technology capable of applying nutrients within inches of their targeted application 
point, future research should assess the required accuracy while using different nutrient sources 
and different fertilizer rates. 
Future research of optimal fertilizer placement should consider genotypic differences, 
especially those related to rooting characteristics. Schenk and Barber (1980) showed that 
genotypes which differed in their root distribution absorbed nutrients from different depths in the 
soil profile, while Pan et al, (1985) indicated that N uptake by corn roots was associated with 
lateral root development. Further research to understand rooting characteristics of corn hybrids 
and soybean varieties should result in better matching of genetics with the strategy of fertilizer 
placement. 
The greater yield from fertilizer placed closer to the row was primarily due to an increases in 
kernel number, while greater yields from fertilizer placed further from the row was primarily due 
to increases in kernel weight. Further research is needed to identify whether fertilizer placed in 
multiple bands at either different horizontal placements or vertical depths from the crop row can 
increase nutrient availability to the crop as it grows throughout the growing season. This concept 
of multiple fertilizer placements in conjunction with each other may be a way to increase kernel 
number by using a moderate amount of fertilizer placed close to the crop row early in the season, 
while maintaining or increasing seed weight by also using fertilizer placed deeper or further from 










Figure 2.1. Photograph illustrating corn root size and horizontal spread of a typical 
root system near physiological maturity at an average plant density of approximately 







Figure 2.2. Photograph illustrating soybean decreased stem and root size from low 















Figure 2.3. Corn vegetative height and plant height variation changes due to 
MicroEssentials SZ fertilizer placement proximity to the row averaged over five 
Illinois locations in 2014, 2015, and 2016. Fertilizer was banded approximately 6 
inches deep and 0 to 15 inches away from the crop row, broadcast and incorporated 














Horizontal Distance from Row (Inches)








































Figure 2.4. Corn grain harvest index changes due to MicroEssentials SZ fertilizer 
placement proximity to the row and planting population (High=45,000, Low=30,000 
plants ac-1) averaged over five Illinois locations in 2014, 2015, and 2016. Fertilizer 
was banded approximately 6 inches deep and 0 to 15 inches away from the crop row, 
broadcast and incorporated (Brdcst), or no fertilizer applied (UTC). LSDs shown are 
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Figure 2.5. Corn grain yield changes due to MicroEssentials SZ fertilizer placement 
proximity to the row and planting population (High=45,000, Low=30,000 plants ac-1) 
averaged over five Illinois locations in 2014, 2015, and 2016. Fertilizer was banded 
approximately 6 inches deep and 0 to 15 inches away from the crop row, broadcast 
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Figure 2.6. Soybean plant height changes due to MicroEssentials SZ fertilizer 
placement proximity to the row and planting population (High=160,000, 
Low=106,667 plants ac-1) averaged over three Illinois locations in 2014 and 2015. 
Fertilizer was banded approximately 6 inches deep and 0 to 15 inches away from the 
crop row, broadcast and incorporated (Brdcst), or no fertilizer applied (UTC). LSDs 
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Figure 2.7. Soybean yield changes due to MicroEssentials SZ fertilizer placement 
proximity to the row and planting population (High=160,000, Low=106,667 plants 
ac-1) averaged over five Illinois locations in 2014, 2015, and 2016. Fertilizer was 
banded approximately 6 inches deep and 0 to 15 inches away from the crop row, 
broadcast and incorporated (Brdcst), or no fertilizer applied (UTC). LSDs shown are 
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Figure 2.8. Soybean yield component (i.e. seed number and seed weight) changes 
due to MicroEssentials SZ fertilizer placement proximity to the row averaged over 
five Illinois locations in 2014, 2015, and 2016. Fertilizer was banded approximately 
6 inches deep and 0 to 15 inches away from the crop row, broadcast and incorporated 
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Table 2.1. Sub-treatments used in the evaluation of the proximity of preplant MicroEssentials 
SZ fertilizer distance from the crop row and plant population influences on corn and soybean 
growth and yield. Eight fertilizer distances were evaluated at two planting populations each for 
corn and soybean. 




UTC (No P Fertilizer) 45,000 106,667 
Broadcast 30,000 160,000 
0 Band   
3 Band   
6 Band   
9 Band   
12 Band   






Table 2.2. Site soil information for five corn and soybean management trials evaluated in Illinois in 2014, 2015 and 2016. Values are 
averaged over eight replications while minimum and maximum values are shown in parentheses.  
Location Soil Type† 
Organic 
Matter pH CEC P K Ca Mg S Zn 
Corn  %    meq 100g
-1 ----------------------------------------------------------------------------  ppm‡ --------------------------------------------------------------------------------- 
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† SIL, Silt Loam; SICL, Silty Clay Loam.  ‡ Minerals P, K, Ca, Mg, S, Zn, and B were extracted using Mehlich III solution and are 




Table 2.3. Monthly weather data for corn and soybean trials grown in central and southern Illinois 
in 2014, 2015, and 2016. Temperature is the average daily air temperature and precipitation is 
the average monthly accumulated rainfall. Values were obtained from the National Oceanic and 
Atmospheric Administration (1981-2010) and values in parentheses are the deviations from the 
30-year average. 
 Month 
Year April May June July August September 
Central, IL 
2014  
Temperature, °F  52.7 (0.8) 63.9 (1.4) 73.0 (0.8) 69.8 (-5.1) 73.4 (0.0) 64.6 (-1.6) 
Precipitation, in.  3.9 (0.3) 4.4 (-0.5) 8.2 (3.9) 8.7 (4.0) 1.5 (-2.4) 3.4 (0.3) 
2015 
Temperature, °F  53.8 (1.9) 65.5 (3.0) 72 (-0.2) 73.4 (-1.5) 71.8 (-1.6) 69.8 (3.6) 
Precipitation, in.  3.6 (-0.1) 6.1 (1.2) 9.2 (4.8) 4.2 (-0.5) 3.2 (-0.8) 6.4 (3.3) 
2016 
Temperature, °F  52.6 (0.7) 61.6 (-0.9) 74.0 (1.8) 75.0 (0.1) 75.9 (2.5) 71.2 (5.0) 
Precipitation, in.  3.3 (-0.4) 3.8 (-1.1) 7.1 (2.8) 4.5 (-0.3) 4.2 (0.2) 5.4 (2.3) 
Southern, IL 
2015 
Temperature, °F  -‡ 66.3 (0.5) 74.2 (-0.4) 77.9 (-0.2) 73.3 (-3.2) 69.0 (0.5) 
Precipitation, in.  - 4.2 (-1.1) 8.9 (4.3) 7.0 (3.3) 2.6 (-0.6) 4.3 (1.2) 
2016 
Temperature, °F  56.7 (0.4) 63.0 (-2.8) 77.0 (2.4) 78.6 (0.5) 77.5 (1.0) 71.9 (3.4) 
Precipitation, in.  4.6 (0.2) 6.9 (1.6) 2.3 (-2.3) 13.3 (9.7) 8.0 (4.7) 5.5 (2.4) 
† Central IL, Champaign; Southern IL, Harrisburg. 





Table 2.4. Analysis of variance for corn parameters averaged over three to five trials from 2014 to 
2016. Population represents high (45,000 plants ac-1) and low (30,000 plants ac-1) planting densities. 
Distance represents eight preplant MicroEssentials SZ fertilizer applications including banded 0 to 
15 inches away from the crop row, broadcast and incorporated, and an unfertilized control. 
 Source of Variation 
Parameter Population (P) Distance (D) P x D 
 ------------------------------------------------  P > F†------------------------------------------------ 
Plant Height 0.3318 <0.0001 0.0052 
Plant Height Variation (Inches) 0.7005 0.2796 0.4158 
Plant Height Variation (%) 0.8693 <0.0001 0.2541 
Stover Biomass <0.0001 <0.8853 0.0205 
Grain Biomass 0.1833 <0.0001 0.1082 
Total Biomass <0.0001 0.2208 0.0028 
Grain Harvest Index <0.0001 0.0003 0.0039 
Grain Yield   0.0031 <0.0001 0.3027 
Plant Stand <0.0001 0.0018 0.1996 
Seed Number <0.0001 <0.0001 0.0837 
Seed Weight <0.0001 0.0002 0.0473 
Grain Moisture <0.0001 <0.0001 0.0909 
Grain Protein (%) <0.0001 0.2274 0.2378 
Grain Starch (%) <0.0001 0.0075 0.1285 
Grain Oil (%) <0.0001 0.1676 0.3580 
Stover N (%) 0.1333 0.4553 0.0935 
Stover P (%) 0.0131 0.4615 0.5376 
Stover S (%) 0.0554 0.0530 0.1366 
Stover Zn (%) 0.0263 0.0186 0.0591 
Grain N (%) <0.0001 0.1480 0.4467 
Grain P (%) <0.0001 0.0229 0.1312 
Grain S (%) <0.0001 0.0444 0.8315 
Grain Zn (%) 0.0023 0.0007 0.7075 
Stover N (lbs ac-1) 0.0337 0.4585 0.2183 
Stover P2O5 (lbs ac-1) 0.7530 0.8975 0.4005 
Stover S (lbs ac-1) 0.2176 0.0545 0.3011 
Stover Zn (oz ac-1) 0.3134 0.0520 0.1202 
Grain N (lbs ac-1) 0.0002 0.0030 0.2303 
Grain P2O5 (lbs ac-1) <0.0001 <0.0001 0.3086 
Grain S (lbs ac-1) <0.0001 <0.0001 0.6073 
Grain Zn (oz ac-1) 0.0005 0.0015 0.1267 
Total N (lbs ac-1) 0.3674 0.0265 0.0240 
Total P2O5 (lbs ac-1) 0.0001 0.0003 0.1126 
Total S (lbs ac-1) 0.2502 0.0007 0.1518 
Total Zn (oz ac-1) 0.3071 0.9024 0.0170 
N Harvest Index 0.0002 0.0594 0.7574 
P2O5 Harvest Index 0.0795 0.5397 0.5955 
S Harvest Index 0.0014 0.1152 0.7802 
Zn Harvest Index 0.0190 0.0007 0.5455 
P Use efficiency <0.0001 <0.0001 0.3811 
S Use efficiency <0.0001 <0.0001 0.3811 
P2O5 Uptake efficiency 0.0611 0.2456 0.7168 
S Uptake efficiency 0.0266 0.0259 0.6168 
Zn Uptake efficiency 0.0041 0.9014 0.3319 





Table 2.5. Plant height, biomass, and grain harvest index changes due to plant population 
treatments averaged over five corn trials from 2014 to 2016. Data are averaged over eight 
preplant MicroEssentials SZ fertilizer application placements. Biomass is presented on a dry 
weight basis (i.e., 0% moisture). 







 Stover Grain Total Grain HI,      
% 
45,000 23.2 1.9 8.9  4.3 5.1 9.0 51 
30,000 23.0 2.0 8.9  4.0 5.1 8.6 53 
Difference   0.1   0.0     0.0      0.3‡ 0.0 0.3‡ 2‡ 




















Table 2.6.  Plant height, biomass, and grain harvest index changes due to eight preplant 
MicroEssentials SZ fertilizer application placements averaged over five corn trials from 2014 
to 2016. Data are averaged over two plant population treatments. Biomass is presented on a 
dry weight basis (i.e., 0% moisture). 







 Stover Grain Total Grain HI,      
% 
UTC† 22.0 1.8 9.2  4.2 4.9 8.6 51 
Broadcast 23.3 2.0 9.0  4.1 5.0 8.6 51 
0 26.5 1.9 7.5  4.2 5.3 9.0 53 
3 25.4 2.0 8.2  4.2 5.2 8.9 52 
6 23.3 1.9 8.4  4.1 5.3 8.8 53 
9 21.7 2.0 9.4  4.2 5.2 8.8 52 
12 21.3 2.0 9.5  4.2 5.1 8.7 51 
15 21.4 2.1 10.2  4.2 5.0 8.8 51 
LSD (α=0.05) 0.7 0.2 1.0  0.2 0.2 0.3 1 



















Table 2.7. Yield, yield components, and grain quality changes due to plant population treatments 
averaged over five corn trials and two Illinois locations from 2014 to 2016. Data are averaged over 
eight preplant MicroEssentials SZ fertilizer application placements. Yield (bu ac-1) is presented at 
15.5% moisture while seed weight (mg seed-1) is presented on a dry weight basis (i.e., 0% moisture). 









 Moisture Protein Starch Oil 
Plants ac-1 bu ac-1 plants ac-1 number m-2 mg seed-1  -----------------------------------  % -------------------------------------- 
45,000 216.8 41,923 4642 248.5  20.0 7.3 71.6 4.0 
30,000 213.8 28,648 4205 269.3  20.2 7.7 71.0 4.2 
Difference   2.9**   13,275‡     436‡     -20.9‡  -0.3‡ -0.4‡ 0.6‡     -0.2‡ 





Table 2.8. Yield, yield components, and grain quality changes due to eight preplant MicroEssentials 
SZ fertilizer application placements averaged over five corn trials from 2014 to 2016. Data are 
averaged over two plant population treatments. Yield (bu ac-1) is presented at 15.5% moisture while 
seed weight (mg seed-1) is presented on a dry weight basis (i.e., 0% moisture). 









 Moisture Protein Starch Oil 
Inches bu ac-1 plants ac
-1 number m-2 mg seed-1  -----------------------------------  % -------------------------------------- 
UTC† 208 35407 4278 258.0  20.5 7.6 71.2 4.1 
Broadcast 213 35348 4366 258.6  20.3 7.5 71.4 4.1 
0 226 35798 4693 255.9  19.9 7.5 71.3 4.1 
3 219 35636 4665 252.1  19.4 7.4 71.5 4.1 
6 220 34762 4451 263.6  19.6 7.5 71.3 4.1 
9 216 35307 4415 258.6  20.5 7.6 71.3 4.2 
12 213 34673 4243 265.8  20.2 7.7 71.1 4.2 
15 208 35352 4276 258.4  20.4 7.5 71.3 4.2 
LSD (α=0.05) 7 589 140     5.8    0.5 0.2   0.2 0.1 










Table 2.9. Corn stover and grain nutrient concentration changes due to plant population treatments 
averaged over three Illinois trials during 2014 to 2016. Data are averaged over four preplant 
MicroEssentials SZ fertilizer application placements. 
 Stover concentration  Grain concentration 
Population N P S Zn  N P S Zn 
Plants ac-1 ----------------------------  % -------------------------------- ppm  ----------------------------  % -------------------------------- ppm 
45,000 0.71 0.069 0.061 13  1.15 0.27 0.087 18 
30,000 0.74 0.077 0.064 14  1.20 0.29 0.092 19 
Difference   -0.03     -0.008*   -0.003†     -1*  -0.04‡ -0.02‡   -0.005‡     -1*** 















Table 2.10. Corn stover and grain nutrient concentration changes due to four preplant MicroEssentials SZ 
fertilizer application placements averaged over three trials from 2014 to 2016. Data are averaged over two 
plant population treatments. 
 Stover concentration  Grain concentration 
Distance N P S Zn  N P S Zn 
Inches ----------------------------  % -------------------------------- ppm  ----------------------------  % -------------------------------- ppm 
UTC† 0.72 0.069 0.060 15  1.18 0.27 0.087 19 
Broadcast 0.70 0.077 0.059 14  1.19 0.29 0.088 19 
0 0.73 0.074 0.064 13  1.16 0.28 0.091 18 
6 0.74 0.074 0.065 13  1.18 0.27 0.091 18 
LSD (α=0.05) 0.05 0.010 0.005   1  0.03 0.01 0.003   1 















Table 2.11. Corn grain and total nutrient accumulation changes due to plant population treatments 
averaged over three Illinois trials during 2014 to 2016. Data are averaged over four preplant 
MicroEssentials SZ fertilizer application placements. 
 Grain content  Total content 
Population N P2O5 S Zn  N P2O5 S Zn 
Plants ac-1 -----------------------  lbs ac-1 --------------------------- oz ac-1  ----------------------------  lbs ac-1 -------------------------------- oz ac-1 
45,000 122.4 65.2 9.2 3.0  185.8 79.6 14.7 4.9 
30,000 128.6 69.8 9.8 3.2  188.2 84.0 14.9 5.0 
Difference    -6.3***     -4.6‡     -0.6‡     -0.1***  -2.3 -4.4‡   -0.3     -0.1 














Table 2.12. Corn grain and total nutrient accumulation changes due to four preplant MicroEssentials SZ 
fertilizer application placements averaged over three trials from 2014 to 2016. Data are averaged over two 
plant population treatments. 
 Grain content  Total content 
Distance N P2O5 S Zn  N P2O5 S Zn 
Inches -----------------------  lbs ac-1 --------------------------- oz ac-1  ----------------------------  lbs ac-1 -------------------------------- oz ac-1 
UTC† 120.2 62.1 8.8 2.9  182.4 75.8 14.0 5.0 
Broadcast 122.0 67.0 9.1 3.1  180.8 81.6 14.2 5.0 
0 128.4 71.6 10.1 3.1  191.0 86.6 15.5 4.9 
6 131.4 69.2 10.1 3.2  193.8 83.2 15.6 5.0 
LSD (α=0.05) 6.5 3.5 0.6   0.1  9.9 4.7 0.9 0.3 














Table 2.13. Corn nutrient harvest index, use (yield), and uptake (recovery) efficiency changes due to plant 
population treatments averaged over three to five Illinois trials during 2014 to 2016. Data are averaged over 
four preplant MicroEssentials SZ fertilizer application placements. 
 Harvest Index§  Use efficiency¶  Uptake efficiency# 
Population N P2O5 S Zn  P S  P2O5 S Zn 
Plants ac-1 ----------------------------   %  ----------------------------  lb lb P2O5-1 lb lb S-1  ----------------------------   %  ---------------------------- 
45,000 66 82 63 62  9.3 37.2  9.1 5.7 0.6 
30,000 69 83 66 64  4.4 17.5  5.4 2.1 -0.5 
Difference -3*** -1† -3** -2***  4.9‡ 19.7‡  3.7† 3.7* 1.1** 
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 0.001(***), and 0.0001(‡). 
§ Nutrient (Nu.) HI = (Grain Nu. Content/Total Biomass Nu. Content)*100. 
¶ Yield Nutrient Use Efficiency = (Yield + Nu. – Yield – Nu.)/ Nu. Rate. 













Table 2.14. Corn nutrient harvest index, use (yield), and uptake (recovery) efficiency changes due to four 
preplant MicroEssentials SZ fertilizer application placements averaged over three to five trials from 2014 to 
2016. Data are averaged over two plant population treatments. 
 Harvest Index†  Use efficiency‡  Uptake efficiency§ 
Distance N P2O5 S Zn  P S  P2O5 S Zn 
Inches ----------------------------   %  ----------------------------  lb lb P2O5-1 lb lb S-1  ----------------------------   %  ---------------------------- 
UTC† 65 82 63 60  - -  - - - 
Broadcast 68 82 65 62  2.9 11.5  5.6 0.4 -0.1 
0 67 83 65 65  10.8 43.1  9.8 5.4 0.0 
6 68 83 65 64  8.5 33.9  6.4 5.8 0.1 
LSD (α=0.05) 2 2 2 3  3.5 13.9  5.4 4.3 14.1 
† Nutrient (Nu.) HI = (Grain Nu. Content/Total Biomass Nu. Content)*100. 
‡ Yield Nutrient Use Efficiency = (Yield + Nu. – Yield – Nu.)/ Nu. Rate. 












Table 2.15. Analysis of variance soybean parameters averaged over two to five trials from 2014 to 
2015. Population represents high (160,000 plants ac-1) and low (106,667 plants ac-1) planting 
densities. Distance represents five to eight preplant MicroEssentials SZ fertilizer applications 
including banded 0 to 15 inches away from the crop row, broadcast and incorporated, and an 
unfertilized control. 
 Source of Variation 
Parameter Population (P) Distance (D) P x D 
 ------------------------------------------------ P > F†------------------------------------------------ 
Plant Height <0.0001 <0.0001 0.3610 
Plant Height Variation (Inches) 0.6299 0.0055 0.0074 
Plant Height Variation (%) 0.0009   0.4941 0.0024 
Total Biomass <0.0001 <0.0001 0.1910 
Grain Yield <0.0001 <0.0001   0.0472 
Seed Number <0.0001 0.0273 0.3166 
Seed Weight <0.0001 <0.0001 0.0207 
Grain Moisture 0.1966 0.0022 0.0075 
Grain Protein (%) <0.0001 0.0148 0.0522 
Grain Oil (%) <0.0001 0.0391 0.0129 
Biomass N (%) 0.9720   0.1392 0.6541 
Biomass P (%)   0.1375 0.0170 0.0038 
Biomass S (%) 0.9542 0.0315 0.8658 
Biomass Zn (ppm) 0.4545 0.2606 0.0401 
Biomass N (lbs ac-1) <0.0001 0.2829 0.9319 
Biomass P2O5 (lbs ac
-1) <0.0001 0.0567 0.1383 
Biomass S (lbs ac-1) <0.0001 0.0001   0.8089 
Biomass Zn (oz ac-1) <0.0001   0.6965 0.1953 
P Use efficiency   0.0012 <0.0001   0.0944 
S Use efficiency 0.0012 <0.0001   0.0943 
P2O5 Uptake efficiency 0.4974 0.0513 0.1415 
S Uptake efficiency 0.2854 0.4844 0.8183 
Zn Uptake efficiency 0.0121 0.6756 0.5492 








Table 2.16. Yield, yield components, grain quality, and reproductive biomass changes due to 
plant population treatments averaged over five soybean trials and two Illinois locations from 
2014 to 2016. Data are averaged over eight preplant MicroEssentials SZ fertilizer application 
placements. Yield (bu ac-1) is presented at 13% moisture while seed weight (mg seed-1) is 
presented on a dry weight basis (i.e., 0% moisture). 







 Moisture Protein Oil§ R5 
Biomass 
Plants ac-1 bu ac-1 number m-2 mg seed-1  -----------------------------------  % -------------------------------------- lbs ac-1 
160,000 75.6 2950 151.6  12.3 35.0 19.7 5075 
106,667 72.3 2865 150.1  12.3 34.8 19.7 4365 
Difference   3.3‡       85‡     1.5‡  0.0 0.2‡     -0.1‡      711‡ 
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 0.001(***), and 0.0001(‡). 
§, Rounding of values may result in discrepancies between individual values and the 












Table 2.17. Yield, yield components, grain quality, and reproductive biomass changes due to 
eight preplant MicroEssentials SZ fertilizer application placements averaged over five soybean 
trials and two Illinois locations from 2014 to 2016. Data are averaged over two plant population 
treatments. Yield (bu ac-1) is presented at 13% moisture while seed weight (mg seed-1) is 
presented on a dry weight basis (i.e., 0% moisture). 







 Moisture Protein Oil R5 
Biomass 
Inches bu ac-1 number m-2 mg seed-1  -------------------------------  % ---------------------------------- lbs ac-1 
UTC† 72.5 2880 149.7  12.1 34.8 19.7 4413 
Broadcast 74.3 2903 151.4  12.6 34.9 19.7 4708 
0 75.4 2971 150.3  12.1 34.9 19.7 5036 
3 77.4 2965 153.4  12.4 34.9 19.7 4875 
6 73.5 2896 151.1  12.6 35.0 19.6 4971 
9 72.6 2906 149.9  12.3 34.8 19.8 4680 
12 73.2 2882 151.1  12.4 35.0 19.6 4551 
15 72.9 2856 149.7  12.1 34.9 19.7 4528 
LSD (α=0.05) 1.9    76 1.6    0.3 0.1 0.06 235   










Table 2.18.  Soybean total nutrient accumulation, use (yield), and uptake (recovery) efficiency changes due 
to plant population treatments averaged over two to five Illinois trials from 2014 to 2016. Data are averaged 
over five preplant MicroEssentials SZ fertilizer application placements. 
 Total content  Use efficiency§  Uptake efficiency¶ 
Population N P2O5 S Zn  P S  P2O5 S Zn 
Plants ac-1 -------------------   lbs ac-1 ---------------------- oz ac-1  lb lb P2O5-1 lb lb S-1  ----------------------------   %  ---------------------------- 
160,000 169.2 50.6 13.3 2.5  1.5 6.2  8.5 13.0 -1.8 
106,667 141.7 44.0 11.2 2.1  0.7 2.9  6.7 10.2 -0.7 
Difference    27.5‡     6.6‡     2.0‡     0.4‡  0.8** 3.3**    1.8     2.8 -1.1* 
Significantly different than zero at =0.10 (†), 0.05 (*), 0.01 (**), 0.001(***), and 0.0001(‡). 
§ Yield Nutrient (Nu.) Use Efficiency = (Yield + Nu. – Yield – Nu.)/ Nu. Rate. 














Table 2.19.  Soybean total nutrient accumulation, use (yield), and uptake (recovery) efficiency changes due to 
five preplant MicroEssentials SZ fertilizer application placements averaged over two to five Illinois trials from 
2014 to 2016. Data are averaged over two plant population treatments. 
 Total content  Use efficiency‡  Uptake efficiency§ 
Distance N P2O5 S Zn  P S  P2O5 S Zn 
Plants ac-1 -------------------   lbs ac-1 ---------------------- oz ac-1  lb lb P2O5-1 lb lb S-1  ----------------------------   %  ---------------------------- 
UTC† 145.1 43.4 10.6 2.5  - -  - - - 
Broadcast 154.4 46.3 12.2 2.2  0.9 3.7  3.8 8.5 -1.2 
0 153.9 51.2 12.7 2.4  1.9 7.7  13.7 14.0 -1.3 
3 161.3 48.1 12.8 2.0  3.2 12.7  6.2 11.2 -1.7 
6 162.4 47.3 13.0 2.2  0.7 2.9  6.7 12.7 -0.9 
LSD (α=0.05) 17.2 5.1 1.1 0.7  1.3 4.8  7.3 7.2 1.2 
† UTC, Untreated control plots with no P fertilizer. 
‡ Yield Nutrient (Nu.) Use Efficiency = (Yield + Nu. – Yield – Nu.)/ Nu. Rate. 
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CHAPTER 3: DO SOIL TEST VALUES PREDICT MODERN CORN AND 
SOYBEAN YIELD RESPONSES TO SPRING-BANDED 
MICROESSENTIALS SZ 
EXECUTIVE SUMMARY 
Modern corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] production systems have 
resulted in a steady increase in yields, and consequently, likely remove more nutrients than are 
applied based upon existing soil test recommendations. With greater emphasis on soil test levels 
for nutrient stewardship strategies, soil tests need to also predict critical levels in which yield 
responses from fertilizer are likely. The current phosphorus (P) soil test recommendation of about 
20 ppm has negligibly changed since published for Illinois growers in the 1960’s. Since then, there 
has been an advent of improved fertilizer technologies, such as precision guidance for application, 
banding fertilizer beneath the row, and new fertilizer formulations that provide season-long 
nutrient availability. Additionally, modern genetics are capable of greater yields than in the 1960’s 
likely partially due to prolonged nutrient uptake. Therefore, our objective was to determine if the 
existing soil test level recommendations for P are adequate predictors of the yield response to 
added P fertilizer. Twenty-one corn trials and 30 soybean trials were conducted across Illinois over 
five years to determine the yield response to a premium phosphate fertilizer in combination with 
modern production systems. All corn and soybean trials received 100 and 75 lbs P2O5 per acre 
respectively employing an enhanced phosphate fertilizer MicroEssentials® SZTM (12-40-10S-1Zn) 
banded 4 to 6 inches directly underneath the crop row prior to planting. Yields of plots not 
receiving P fertilizer were subtracted from the yields of those receiving P fertilizer and the yield 
differences were compared to soil test values. Soil test values for P ranged from 11 to 48 ppm and 
14 to 126 ppm by Mehlich III extraction for corn and soybean sites, while statistically significant 
(P ≤ 0.05) yield responses to added P ranged from 4 to 21% and 3 to 24% for each crop, 
respectively. Yield increases due to P fertilizer of greater than 5% occurred 50% of the time in 
soybean and 48% in corn regardless of the soil test level, despite over 75% of the soil test values 
being greater than the existing P soil test critical value. Yield increases from added P generally 
were greater with lower soil test P levels; however, yield increases as large as 15% occurred at soil 
test levels up to nearly 40 ppm P. These data confirm the importance of soil testing as a valuable 
starting point for phosphorus management, although other agronomic factors may need to be 
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considered for greater confidence of estimating crop response to P fertilization. These findings 
suggest that greater yields may be possible from added P on soils testing above current critical 
levels; however, it is paramount that any nutrient applications are coupled with the best 4R nutrient 
stewardship and agronomic management principles. 
 
INTRODUCTION 
Soil testing for phosphorus is a common practice to estimate the availability of P for a crop 
and to help predict the probability of a yield response to P fertilizer. Unfortunately, predicting the 
availability of nutrients for a crop is more complicated than just using a soil test number, due to 
variations in the weather, soil type, crop, nutrient source, and agronomic management practices. 
Since the 1920’s, soil testing has been used to predict the level of nutrients available to the crop. 
In Illinois, the P fertilization recommendation based on soil test measurements has negligibly 
changed since published for corn and soybean producers in the 1960’s (Bray, 1929; Graffis, 1967; 
Fernández and Hoeft, 2009), while crop production practices, yields, and crop accumulation of P 
have changed substantially.  
Since soil test values were last calibrated to yield in the 1960’s for Illinois with the introduction 
of buildup-maintenance fertilization practices, several production practices have changed that can 
affect how nutrients are managed. Modern genetics and protection traits have increased the average 
yields in Illinois to about 200 bushels acre-1 for corn and 60 bushels acre-1 for soybean (USDA-
NASS, 2017b; USDA-NASS, 2017c). Furthermore, yields of national and state contest winners 
show that yields can be substantially higher than these average yields, which would remove more 
nutrients from the soil (Bender et al, 2013; National Corn Growers Association, 2015; USDA-
NASS 2017b, 2017c). Over the same time frame, agronomic practices such as row spacing and 
plant populations have changed dramatically for corn, going from wider 36-40 inch rows to the 
new most common row spacing of 30 inch rows and even narrower for soybean. Decreasing row 
width has allowed corn producers to increase plant densities from an average of 16,000 plants 
acre-1 during the 1960’s to an average of 32,000 plants acre-1 in current production systems (USDA-
NASS, 2017a). This increase in plant population results in greater soil nutrient demand from plants 
with smaller individual root systems expanding horizontally in the soil, and therefore, less nutrient 
exchange sites are available in the more nutrient rich topsoil that are important for nutrient uptake.  
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Phosphorus soil testing methodology has only slightly changed in the past century, despite the 
rapid advancements in fertilizer application, sampling, and soil characterization techniques. Soil 
testing has been a valuable tool for making generalized fertilizer recommendations; however, it 
has long been known that there are several limitations that make it difficult to accurately predict 
the yield response from fertilizer applied based solely upon a soil test (Bray, 1938). Fields always 
exhibit variation of soil test results across their area, suggesting that smaller grid or sample sizes 
will better characterize the spatial variability of nutrients like P and K (Lamb and Rehm, 2002). 
While some innovative and progressive producers are trying to manage crops down to the sub-
meter or individual plant level, soil is generally managed on a much broader scale (Solie et al., 
1999). This spatial variation of soil test values has caused uncertainty in the validity of current P 
soil testing recommendations in making accurate fertilizer recommendations that do not account 
for high soil P tests, or advanced management strategies such as fertilizer placement and P sources 
(Fixen, 1992; Rehm et al., 2001). While soil tests generally measure the relatively low 
concentration of presumptively plant available nutrients, the rate of soil nutrient release or 
replenishment to the root zone during plant growth and root biological weathering may be more 
important than nutrient concentration alone (Hesse, 1972). Soils with extremely high soil test P 
levels are presumed to be more at risk for P loss in surface runoff; however, even though high soil 
test levels may be related to elevated levels of dissolved P, soil tests alone cannot accurately predict 
the amount of P lost from an individual field (Sharpley et al., 1996). Furthermore, there are 
instances where low rates of starter P fertilizer have increased grain yields even when soil test 
levels are high (Lauzon & Miller, 1997). While Jones (1985) recognized that proper soil testing 
starts with taking accurate soil samples, there was also the need for accurate soil preparation, 
laboratory analysis and calibration, and interpretation of results before fertilizer recommendations 
could be made.  
Laboratory colorimetric chemical analysis for soil P was first introduced to Illinois in the 
1920’s to predict the level of nutrients available to the crop, and later correlated with critical 
thresholds for crop requirements (Bray, 1929; Linsley, 1934). Over the next few decades, the Bray 
soil test as well as some new methods (i.e. Olsen, Mehlich) went through modifications in an effort 
to better predict the available P for crop growth, however, with very few advancements in new 
analytical tests, many of these techniques are routinely used today (Bray and Kurtz, 1945; 
Dickman and Bray, 1941; Mehlich, 1984; Olsen et al., 1954). Some processes, such as the Mehlich 
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III procedure, have been claimed to be adaptable across numerous soil types and allow for 
laboratories to more efficiently analyze samples for multiple nutrients (Sawyer and Mallarino, 
1999). Under acid and neutral soils, similar to those of Illinois, there was found to be no difference 
in the predictability of crop yield response to P levels from older Bray vs. Mehlich III soil testing 
procedures (Mallarino, 2003). However, Sawyer and Mallarino (1999) also noted that modern 
inductively coupled plasma optical emission spectrometry (ICP-OES) measurement techniques 
resulted in higher P values than the traditional colorimetric methods, which could not be adjusted 
with a correction factor. Currently in Illinois, there is no soil test level recommendation based on 
ICP-OES that many commercial soil testing laboratories use for nutrient analysis.  
 
Phosphorus recommendations 
Phosphorus fertilizer recommendations for efficient row crop growth and yield should be made 
according to the 4R (Right Source, Rate, Time, and Place) nutrient stewardship and best 
management practices guidelines that take into account agronomically and environmentally sound 
concepts and practices (Bruulsema et al., 2008). Currently, soil test recommendations in Illinois 
are based on broad regional subsoil differences that were mapped before the era of precision 
agriculture. Additionally, current P soil test critical levels range from 20-25 ppm on high and low 
subsoil P testing soils respectively, with no yield increases expected on soils testing greater than 
35 ppm for either corn or soybean (Fernández and Hoeft, 2009). As crop yields have increased, 
and consequently, native soil fertility levels have decreased, there has been an increased 
dependence on commercial fertilizers (Cordell et al., 2009).  
 
Right source 
While rock phosphate was one of the most widely used fertilizer sources when soil test values 
were calibrated to yield, producers now have premium fertilizers that contain multiple nutrients 
within one granule, or have properties that enable them to release nutrients as the crop grows. If 
producers apply fertilizer products that foster greater plant nutrient use efficiency, then greater 
yield increases are more probable. Recently, enhanced P fertilizer products such as 
MicroEssentials SZ (MESZ) have been promoted to facilitate greater P availability and uptake 
than traditional P fertilizer sources, for increased P use efficiency and/or increased yields 
(McLaughlin et al., 2011). The addition of nitrogen with P fertilizer or through the use of 
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ammoniated phosphate sources has been shown to increase P uptake within the plant by increasing 
root growth, P absorption and translocation, and by decreasing soil pH as a result of NH4
+ 
absorption that leads to an increased solubility of P fertilizer (Fageria, 2001). Acid-forming 
fertilizers also improved the uptake of both applied and native soil forms of micronutrients (Vitosh 
et al., 1995). Acidulation of P fertilizers with sulfuric acid is usually necessary to solubilize mineral 
P (Armstrong, 1999). Sulfur (S) applications in conjunction with P applications can enhance the 
efficiency and consistency of nutrient applications while meeting the plant needs of both nutrients 
(Sawyer et al., 2011). The fertilizer MESZ is comprised of two forms of S: elemental sulfur and 
sulfate. Sulfur is primarily supplied to the plant by microbial decomposition of the soil organic 
matter (OM; i.e. mineralization) into sulfate, which is a form that can easily be taken up by plants, 
but can also leach through the soil profile (Fernández et al., 2012). Enhanced fertilizers that contain 
S and zinc (Zn) may increase the uptake efficiency of other nutrients as well as P in the soil. 
Phosphorus can make Zn less available for plant growth, so additions of Zn can alleviate the 
problems associated with small amounts of Zn being tied up in high P soils, or where P fertilizers 
are concentrated in the soil (Dibb et al., 1990; Schulte, 1982).  
 
Right rate 
Selecting a correct fertilizer rate basically involves a mass balance calculation, deducting the 
expected crop removal from the field from the available soil fertility. While there have been studies 
aimed at reducing P fertilizer inputs for corn production, these have primarily attempted to reduce 
soil P concentrations around farmsteads with high levels of manure (Ketterings, 2004). One 
challenge associated with increasing corn yields and applying the appropriate amount of fertilizer 
is estimating the ability of the soil to provide nutrients to the plant during the entire growing season. 
Sometimes yield enhancements can occur with less than expected fertility rates, especially by 
concentrating the fertilizer near the young plant roots, which in turn aids plant growth in 
unfavorable growing conditions (Hanway and Olson, 1980; Mengel and Barber, 1974; Sander et 
al., 1990). Modern corn hybrids and soybean varieties conservatively remove 0.35 and 0.58 lbs of 
P2O5 per bushel of grain respectively, indicating that in order to maintain a P soil test level when 
only the grain is removed, multiplication of this coefficient by the projected yield level would 
determine estimated minimum fertilizer needs (Bender et al., 2013; Bender et al., 2015). Illinois P 
soil test levels have steadily declined from 36 in 2001 to 25 ppm in 2014, likely associated with 
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current greater yields combined with inadequate fertilizer application rates (International Plant 
Nutrition Institute, 2015). Despite large fluctuations in fertilizer and grain prices, it is important to 
avoid drastic reductions in any single input that is essential for achieving full yields (Bruulsema 
and Ketterings, 2008). 
 
Right time 
Phosphorus fertilizer applications to row crop fields are often conducted in the fall due to less 
time constraints and drier soils (Snyder, 2003). Concerns associated with fall application of P 
fertilizer are that nutrients have increased vulnerability to mineral fixation (tied-up in soil minerals 
and, thus, unavailable for crop uptake), erosion, runoff, and other forms of P losses (Barber, 1980). 
Fall fertilizer application was a significant contributor (in addition to broadcast fertilizer and 
conservation tillage) to extreme levels of agricultural P loss that recently led to severe algae blooms 
in Lake Erie (Michalak et al., 2013). Spring applications of nutrients are likely to be more available 
for plant growth, and less likely for loss to the environment, since they are applied nearer the time 
when the crop will need them. However, there are often more time constraints in spring due to 
planting and soil moisture conditions that limit timely access to the field.  
 
Right place 
Optimal crop fertilization employs methods that prevent or reduce environmental 
contamination, results in efficient fertilizer use by the plant, prevents fertilizer salt injury to plants, 
is economical, and is convenient (Randall and Hoeft, 1988). Broadcasting applications of P 
fertilizer produce the most uniform P distribution within the soil profile; however, this method of 
application also promotes P fixation by maximizing contact with the soil and concentrates P near 
the soil surface, even when using most tillage systems for incorporation. High-yielding row crops, 
especially corn, may require relatively high P levels throughout the rooting zone for maximum 
yields (Miller and Ohlrogge, 1958; Randall et al., 2001). 
The most effective means of improving nutrient uptake results from positioning fertilizer 
nearer to crop roots; which is an especially important concern for P due to its immobility in soils 
(Boomsma et al., 2007). As a result of recent advancements in fertilizer banding capabilities and 
GPS technology, fertilizer can be placed at a specific depth with minimum disruption to soil 
structure in all tillage systems (Vyn, 2008). Applying P fertilizer in a band below the plant 
137 
 
alleviates the environmental challenges associated with higher levels of P in the upper soil profile 
that are more susceptible to runoff and erosion (Bengtson et al., 1988; Eghball and Sander, 1987; 
Englestad and Terman, 1980; Murrell and Munson, 1999; Vadas et al., 2005).  Additionally, the 
banding method places the fertilizer in closer proximity to crop roots than other fertilizer 
application methods. Proximity to crop roots is the most influential factor for determining plant 
growth and yield response to P fertilizer placement (Baker and Laflen, 1982; Bruulsema and 
Murrell, 2008; Bruulsema and Ketterings, 2008; Dibb et al., 1990; Sharpley et al., 1996). Banding 
of P fertilizers is advantageous where soil P test levels are low, when cool or wet soils likely limit 
root growth and nutrient uptake, and for soils that have a high tendency to fix P in unavailable 
forms such as those high in clay content (Boomsma et al., 2007).  
Each of the 4’Rs have been studied individually; however, there is a lack of research that 
combines components of each of the best management practices, which progressive growers are 
adapting in their farming operations. These modern production practices are quite different than 
those from when the soil tests were last calibrated. Therefore, the objective of this study was to 
evaluate whether classic soil P soil test level recommendations predict yield responses from a 
premium P fertilizer applied using some of the best 4R strategies within modern corn and soybean 
production systems, and give suggestions where yield responses may be most likely. We 
hypothesize that fertilizer applied using multiple 4R best management practices will result in 
greater yield responses than would be predicted by current soil test recommendations. 
 
MATERIALS AND METHODS 
To compare progressive crop production and fertilizer practices to the current Illinois P soil 
test level recommendations, data were collected as part of a multi-year evaluation of several 
management practices across the state of Illinois for corn and soybean production. Twenty-one 
corn and thirty soybean evaluations were conducted across four sites (Champaign, DeKalb, 
Harrisburg, and Rushville IL from 2011-2015) to determine the yield response to P derived from 
a premium P-based fertilizer MicroEssentials SZ (12-40-0-10S-1Zn) (Tables 3.1 and 3.2). All soil 
samples were obtained from a depth of 0 to 6 inches and combined from 10-15 soil probe cores 
prior to planting each trial and analyzed using the Mehlich III Inductively coupled plasma (ICP) 
extraction method from a commercial soil testing laboratory (A&L Great Lakes Laboratories, Fort 
Wayne, IN), which is one of the recommended chemical soil test procedures for the North Central 
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Region (Warncke and Brown, 1998). Using 4R nutrient stewardship (right source, rate, time, and 
place), fertilizer application rates were estimated based on the nutritional requirements for 250 bu 
acre-1 corn and 100 bu acre-1 soybean (IPNI, 2012). Fertilizer applications of 100 and 75 lbs P2O5 
acre-1 as MicroEssentials SZ for corn and soybean respectively, were banded in the spring in a 
separate pass prior to planting at a depth of approximately 4 inches beneath the future planted crop. 
The three-point mounted subsurface banding toolbar (DAWN 6000 Universal Fertilizer 
Applicator, Dawn Equipment, Sycamore, IL) was pulled through all plots to eliminate any 
potential banding effects of soil disturbance between fertilized and unfertilized plots. Fertilizer and 
planting operations used tractor guidance with sub-inch accuracy and yields of fertilized plots were 
compared to yields of plots not receiving banded P fertilizer. Soybean followed a previous corn 
crop while corn followed a previous soybean crop. A base nitrogen rate of 160 (2014 & 2015) to 
180 (2011-2013) lbs N ac-1 as urea ammonium nitrate (UAN, 28-0-0) or urea (46-0-0) was applied 
preplant and incorporated to corn plots with the finishing tillage pass or harrow. Trials were planted 
using a precision planter (Seed Pro 360 with sky trip GPS, ALMACO, Nevada, IA) with variable 
plant population and telescoping toolbar capabilities to plant 20” and 30” row spacings. Planting 
rates targeted a final stand of 32,000 plants per acre for corn and 160,000 plants per acre for 
soybean while using multiple elite varieties of various germplasms (Tables 3.3 & 3.4). Corn was 
grown in 30 inch rows while soybean results were averaged across 30 and 20 inch rows to emulate 
a range of row spacings used for soybean.  
Weed control consisted of pre-emergence and post-emergence applications of commercially 
available herbicides to prevent weeds from confounding treatment results. Corn pre-emergence 
weed  control consisted of applications of a 3 quart per acre application of Lumax; S-metolachlor 
(2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide), atrazine (6-
chloro-N-ethyl-N′-(1 methylethyl)-1,3,5-triazine-2,4-diamine), and mesotrione ([2-[4-
(methylsulfonyl)-2-nitrobenzoyl]-1,3-cyclohexanedione) for years 2011, 2012, 2013, and 2015 
while 48 ounces per acre of Infantry 4L; atrazine (2-chloro-4-ethylamine-6-isopropylamino-s-
triazine), and 18 ounces per acre of Verdict; saflufenacil (N′-[2-chloro-4-fluoro-5-(3-methyl-2,6-
dioxo-4-(trifluoromethyl)-3, 6-dihydro-1(2H)-pyrimidinyl)benzoyl]-N-isopropyl-N-
methylsulfamide), and dimethenamid-P (S)-(2-chloro-N-[(1-methyl-2-methoxy)ethyl]-N-(2,4-
dimethyl-thien-3-yl)-acetamide) was used in 2014. Post-emergence applications consisted of 
glyphosate {N-(phosphonomethyl)glycine} each year, with 5 to 10 ounces per acre of Status; 
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sodium salt of diflufenzopyr: 2-([([3,5-difluorophenylamino] carbonyl)-hydrazono]ethyl)-3-
pyridinecarboxylic acid, sodium salt, sodium salt of dicamba: 3,6-dichloro-2-methoxybenzoic 
acid, sodium salt being used at all locations in 2014 and 2015, while 0.75  ounces per acre of 
Armezon; topramezone: [3-(4,5-dihydro-isoxazolyl)-2-methyl-4-(methylsulfonyl) phenyl](5-
hydroxy-1-methyl-1H-pyrazol-4-yl) methanone was also used at DeKalb in 2015. All corn plots 
received an in-furrow application of Force 3G; tefluthrin [2,3,5,6-tetrafluoro-4-
methylphenyl)methyl-(1a,3a)-(Z)-3-(2-chloro-3,3,3-trifluoro-1-propenyl)- 2,2-
dimethylcyclopropanecarboxylate] at a rate of 0.165 to 0.132 (2015) lb a.i. acre-1 to control western 
corn rootworm (Diabrotica virgifera virgifera) larvae. 
Soybean weed control consisted of a pre-emergence application of 2 to 3 pints per acre 
Boundary; s-metolachlor {Acetamide, 2-chloro-N-(2-ethyl-6- methylphenyl)-N-(2-methoxy-1- 
methylethyl]-,(S)},  metribuzin {4-amino-6-(1,1-dimethylethyl)-3- (methylthio)-1,2,4-triazin-5 
(4H)-one}, in years 2013 through 2015 while 2015 also had tank mixed  glyphosate {N-
(phosphonomethyl)glycine} and 16 ounces per acre of Select MAX; Clethodim €-2-[1-[[(3-chloro-
2-propenyl)oxy]imino]propyl]-5-[2-(ethylthio)propyl]-3-hydroxy-2-cyclohexen-1-one at DeKalb. 
For post-emergent weed control in soybean, an application of glyphosate {N-
(phosphonomethyl)glycine} was made in all years.  Additionally, 9 to 16 ounces per acre of Select 
Max was applied post-emergence in all years except 2015 at DeKalb or Harrisburg to control 
volunteer corn. In 2015 at DeKalb, 12 ounces per acre of Fusilade DX; Fluazifop, Butyl (R)-2-[4-
[[5-(trifluoromethyl)-2-pyridinyl]oxy]phenoxy]propanoate and 3.5 pints per acre of Flexstar GT 
fomesafen {5-[2-chloro-4-(trifluoromethyl)phenoxy]-N-(methylsulfonyl)-2-nitrobenzamide}, and 
glyphosate were applied. Furthermore, Flexstar GT was applied post emergence in 2015 at 
Harrisburg. 
Experimental units consisted of four row plots, 40 feet in length, with the center two rows used 
for plot assessments. At maturity, the center two rows of each plot were harvested with a combine 
(SPC40, ALMACO, Nevada, IA) to determine grain weight and harvest moisture. Grain yield is 
expressed as bu acre-1 at 15.5% or 13% moisture for corn and soybean respectively. 
 
Statistical analysis 
The studies were designed as a randomized complete block, with treatments evaluated as an 
incomplete factorial design consisting of three to seven replications, depending on site and year. 
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Grain yield was analyzed using PROC MIXED in SAS (Version 9.4; SAS Institute Inc., Cary, NC) 
and significance was declared at P ≤ 0.1 since data were not averaged across environments and 
used the PDIFF macro to obtain LSD values (Saxton, 1998). PROC UNIVARIATE was used to 
determine potential outliers and assess normality of residuals. Phosphorus fertilizer treatment (with 
and without P) and soil test P level by location was included in the model as fixed effects. Site, 
replication nested within site, and row spacing were included as random effects for both crops. 
Pearsons’s correlation coefficient was used to evaluate the linear association between the grain 
yield responses from P fertilizer with multiple individual site characteristics using the CORR 
procedure in SAS. Regression analysis was conducted to compare soil test values to yield 
responses from P fertilizer, as well as using the STEPWISE selection process in which individual 
factors and their interactions are added until all factors that remain are significant and to determine 




Weather data for each growing season (April – September) are shown in Tables 3.5 and 3.6. In 
2011, above average temperatures and below average precipitation resulted in water and 
temperature stress during vegetative and reproductive stages. The 2012 growing season was the 
second warmest and tenth driest on record for Illinois (Tables 3.5 & 3.6). High temperatures 
concurrent with a lack of precipitation throughout the vegetative and early reproductive stages of 
corn resulted in severe drought stress in 2012, although 4.3 inches of water was applied throughout 
the growing season to supplement the corn plots. Timely rains during later reproductive stages in 
soybean allowed for modest yields across sites that year. Record cool wet conditions during April 
and May delayed planting in much of the Corn Belt during 2013, in contrast to the grain-filling 
period where below average rainfall occurred (Tables 3.5 & 3.6). The 2014 production year 
experienced below-average temperatures and above-average precipitation throughout much of the 
growing season. As a result, corn and soybean grown in this region experienced little weather-
induced heat or moisture stress. Above average temperatures in 2015 allowed for timely planting, 
although mid-vegetative stage rains in June resulted in many areas receiving record quantities of 
precipitation that limited root growth that was needed at deeper depths during reproductive growth 




Check yields of plots not fertilized with P 
Corn yields of plots not fertilized with P ranged from 143 to 249 bushels per acre (Table 3.7). 
Soybean yields of plots not fertilized with P ranged from 40 to 89 bushels per acre (Table 3.8). 
Using the soil test values alone as a predictor of yield for plots not fertilized with P was relatively 
ineffective where only 36 percent of the variation of yield could be explained with the soil test for 
corn and was non-significant for soybean (Figures 3.1 & 3.2). Corn yields of plots not fertilized 
with P tended to increase as soil test values increased, especially above current Illinois soil test 
critical values of 20 ppm; however, this trend was not observed with soybean. 
 
Yield responses from spring-banded MicroEssentials SZ 
The current Illinois critical level for P is 20 ppm, indicating that crops grown in soils with P 
levels greater than this threshold likely would not increase yield with added P. Combining several 
of the best 4R management practices into a comprehensive fertility program has led to very 
consistent early season visual growth increases across a range of soil test P levels and locations 
tested between 2011 and 2015 (Figures 3.3 & 3.4). Growth increases were observed for both corn 
and soybean crops that received spring-banded MicroEssentials SZ, independent of soil test P 
level.  
Most of the corn sites (81%) exhibited soil test P levels above the Illinois critical P soil test 
level, yet banded MicroEssentials SZ increased yield by an average of 5.5% at these sites (Figure 
3.5). Soybean yield responses from fertilizer applications at sites where the soil test P level 
exceeded the 20 ppm critical level were similar to that of corn, with yields increasing an average 
of 5.6% (Figure 3.5). Across the 38 corn and soybean environments (75% of all environments) 
that were above the Illinois current P critical level, spring-banded MicroEssentials SZ increased 
both crop yields by an average of 5.6%. 
Corn and soybean yield responses from P fertilizer were statistically similar between crops 
(Figure 3.5). Irrespective of the soil test level, banded P applications increased corn yield by an 
average of 11.5 bushels per acre (6.1%) and 3.8 bushels (5.6%) for soybean. Neither corn nor 
soybean yield responses from banded MicroEssentials could be adequately predicted using the 
current P soil test recommendations, although yield increases did tend to be greater as soil test P 




Soil test predictability of P yield response 
Predicting whether a P nutrient application will result in increased yields has traditionally been 
estimated by using the soil test; however, in the future there may be more robust methods of 
calculating when yield increases to P are likely. Using other soil assessments and known site or 
management characteristics such as yield level or planting date may aid in the decision of making 
nutrient applications. Correlation coefficients of multiple assessments were made to determine 
whether the yield response to P fertilizer could be determined. As corn yield levels from plots not 
fertilized with P increased, the response to P fertilizer decreased (Table 3.10). This check plot yield 
was also identified with regression analysis as one of the most important factors for predicting 
both corn and soybean response to P fertilizer (data not shown). This analysis indicates that yield 
increases from added P fertilizer are more likely under lower yielding environments, or when 
weather conducive to greater yields can contribute to greater P utilization. Soybean yield increases 
in response to P fertilizer were correlated with multiple assessment factors. Earlier planting dates 
were associated with greater yield responses to P fertilizer via correlation analysis and regression 
analysis (Table 3.10, data not shown). Greater OM, calcium (Ca), magnesium (Mg), and cation 
exchange capacity (CEC) were each correlated (range 0.36 - 0.49, P ≤ 0.10) with greater soybean 
yields from P fertilizer whereas S soil test levels were negatively correlated (-0.43) with yield 
response from the P-based fertilizer. When both corn and soybean yield responses were combined, 
earlier planting date, lower soil test P and K levels, and greater Ca, Mg, and CEC levels were 
correlated with yield increases from P fertilizer. Of these factors, the only consistent factor for 
predicting yield increases from P fertilizer were lower P soil test levels which were statistically 




This study included sites and environmental conditions that represent a range of situations 
where P fertilizer applications may be applied to corn and soybean. Accurately predicting when 
increases to nutrients are likely is important not only for grower benefit but also to mitigate 
unnecessary applications that may have environmental consequences when not applied using 
approved nutrient management strategies. Yield increases from P fertilizer have been found to be 
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greater under cool wet springs, when P is not as crop available (Armstrong, 1999; Murrell and 
Munson 1999), or when planting is delayed (Bundy & Andraski, 1999). Accurately predicting the 
weather in advance of planting and fertilizer applications is difficult, especially for long range 
forecasts when several crop production decisions are being made. Regression analysis of average 
and deviations from normal temperature and precipitation observations prior to planting did not 
contribute to better predictions of yield response to fertilizer P. If weather patterns resulted in 
greater predictability of P responses, it would warrant more emphasis on developing technologies 
and strategies to accurately predict weather forecasts at planting, and allow for timely management 
changes. Since it is currently not possible to accurately predict future weather and therefore 
potential yield, a fertility program should be managed right from the beginning of the season to 
minimize possible plant nutrient deficiency and reduced yield.  
 
Yields of plots not fertilized with P 
Corn and soybean yields within these trials represent a range of yields and conditions typically 
experienced across much of the U.S. Corn-Belt, which is one of the most predominant regions for 
growing corn and soybean in the U.S. Phosphorus soil testing procedures and methods are the most 
accurate (85% relative reliability) of all soil tests, yet even the best soil test calibration databases 
explain less than a third of the variability in crop yield response to added nutrients (Bruulsema, 
2004; Fernández and Hoeft, 2009). Lauzon & Miller (1997) indicated that increases in early season 
growth and final yield could be obtained with starter fertilizers, while the results of this research 
shows that early season growth and yield increases were able to be obtained with deeper banded 
MESZ with comparable findings. High soil test levels never guarantee greater yields because 
yields can be limited by other, non-soil factors. Similar to the observations presented here where 
the corn yields of plots not receiving P fertilizer tended to increase as soil test level increased 
(Figure 3.1), soils testing high in nutrients may yield greater than lower testing soils that are 
fertilized, thus maintaining higher soil test values may be warranted over trying to use a sufficiency 
approach (Franzen and Gerwing, 1997; Griffith, 1992; Randall et al., 2001). It is likely that other 
factors such as the environment and/or hybrid/variety may have contributed to greater utilization 
of available P for yield, hence the variable relationship between soil test P level and yield of plots 





Predictability of yield response 
Yield responses to P fertilizer applications are based off of a probability of likelihood that 
lower soil tests will result in greater yield responses from nutrient applications; however, even 
high soil test values can lead to yield increases from nutrient applications (Table 3.9). Correlation 
coefficients indicated that responses from P fertilizer were greater for corn grown at sites with 
lower check plot yields than at those sites that had greater yields (Table 3.10). The most yield 
limiting factor of plots not receiving P fertilizer likely changed between sites; however, it is 
plausible that since these P-fertilizer responsive sites had lower soil test P values, plant available 
phosphorus was more limiting. While evaluating more sites that possess low soil test levels could 
be desired, it has been well documented that lower soil test values would likely result in greater 
yield increases from fertilizer (Fernández and Hoeft, 2009; Heckman, 2006; Kelling et al., 1999; 
Mallarino et al., 2013; Vitosh et al., 1995). The majority of sites in this study had soil P test levels 
greater than the Illinois critical P soil test level, and yet yield increases were still observed with 
added P fertilizer.  
Often over long term cropping systems that have used less moldboard tillage, nutrients become 
more stratified in the soil due to crops bringing nutrients from deeper depths and depositing them 
towards the surface (Abdi et al., 2014; Vadas et al., 2005). This redistribution not only elevates 
perceived amount of nutrients in the soil when testing just the upper soil profile, but does not 
account for the level of nutrients deeper in the soil profile. Based on periodic samplings of deeper 
soil depths throughout some closely related experiments (data not shown), P soil test levels below 
the top six inches are often much lower in concentration than for the surface soil. Lesser soil test 
levels at deeper depths could benefit from the banding of nutrients deeper into the soil compared 
to incorporating broadcast fertilizer using tillage to allow plant roots continued nutrient availability 
throughout the growing season (Boomsma et al., 2007; Rehm et al., 1995). 
Multiple factors affect yield in a given year, and these data support that yield increases from P 
fertilizer are possible in instances where the soil test P exceeds the current critical value level. 
While this study was not intended to provide recommendations of a new or revised P soil test 
critical value, it brings evidence that there is variability associated with P soil test levels and their 
resulting fertilizer recommendations. Interpretations of soil tests can be variable, due to the several 
factors that can affect their predictions of response, which range from the soil collection procedure, 
145 
 
laboratory analysis method, and P fertilizer application methodology. These all can affect the 
expected likelihood of response to P fertilizer, so other site characteristics should also be 
considered. Earlier planting dates, higher CEC soils, lower yield environments are each 
characteristics that could aid in the likelihood of a positive fertilizer response. The yield increases 
due to fertilizer in these experiments may be greater than those of other studies at similar soil test 
values due to multiple factors that were used in a 4R systems approach including but not limited 
to: premium P fertilizer source, using crop nutrient requirement targeted rates, fertilized in the 
spring compared to traditional fall applications, and using modern technology of precision 
guidance placed fertilizer bands in relation to the crop row. Additionally, more soil test results are 
being reported using analysis methods such as Mehlich III ICP, which accurate interpretation of 
soil test levels need to be distinguished between these and other soil testing techniques (i.e. Bray 
I).   Further research is needed on how each of these 4R nutrient stewardship practices contributes 
to yields across environments, particularly using modern management practices that are 
implemented to increase yield. 
 
CONCLUSIONS 
Increasing environmental concerns necessitate alternative technologies for applying crop 
nutrients in order to decrease nutrient loss and promote increased recovery across all soil test 
levels. Employing multiple 4R nutrient stewardship practices, such as spring-banded 
MicroEssentials SZ in this particular study, resulted in significant increases in corn and soybean 
grain yields.  Yield increases from added P generally were greater with lower soil test P levels; 
however, yield increases as large as 15% occurred at soil test levels up to nearly 40 ppm P. These 
data confirm the importance of soil testing as a valuable starting point for phosphorus management, 
although other agronomic factors such as lower UTC yields and earlier planting dates may need to 
be considered for greater confidence of estimating crop yield increases to P. These new findings 
suggest that greater yields may be possible with P fertilizer additions on soils testing above current 
critical levels; however it is paramount that any nutrient applications are coupled with the best 4R 






Considerations for future research 
Many areas of agriculture depend on the use of soil testing as a means of assessing the potential 
for yield response to fertilizer, or to mitigate potential detrimental environmental effects from 
loading nutrients in the surface layer of soil. Many producers may use soil test values as the central 
tool for determining limits of fertilizer applications, however, additional understanding of the 
limits and accuracies of current soil testing methodology needs to be addressed. These needs may 
include but are not limited to: 1) site specific soil testing recommendations at much finer resolution 
(e.g. sub-meter or individual plant recommendations); 2) soil sampling at multiple or deeper 
depths; and, 3) improved chemical and laboratory analysis for extractant procedures that better 
mimic crop response to fertilizer. As new genetics, fertilizer analysis methods, and fertilizer 
application technologies develop, there will be continued need for recalibration of soil tests to 
validate the best method for predicting crop yield responses to fertilizer. In Illinois, the Mehlich 
III P soil test could be better calibrated for fertilizer recommendations as many commercial labs 
have moved to this procedure due to its increased throughput and turn-around time of multiple 
nutrient analyses. To complement the broad characterizations of soil test values as being low, 
medium, high, very high etc., soil test recommendations should give an average and range of 
expected yield responses for each crop. Including yield values not only aids in the producers ability 
to determine what the potential yield increase would be, but also enables them to adjust the 
recommendation based on the changes of fertilizer price and crop value. Finally, many fertilizer 
recommendations vary greatly across state lines despite little changes in soil parent material or 
physical properties. Increasing continuity between states fertilizer recommendations would 














Figure 3.1. Corn yield of plots receiving no P fertilizer as a function of soil test P level. Data 







































Figure 3.2. Soybean yield of plots receiving no P fertilizer as a function of soil test P level. Data 




















































100 lb P2O5, 30 lb N, 
25 lb S, 2.5 lb Zn per acre
Without 
banded fertility 














75 lb P2O5, 23 lb N, 19 lb S, 
1.9 lb Zn per acre
Without 
banded fertility 





Figure 3.5. Magnitude of corn and soybean yield responses (expressed as a percentage) from 
preplant banded MicroEssentials SZ compared to plots not receiving P fertilizer as a function of 
soil test P level. The critical soil test P level for Illinois is 20 ppm. Corn received 100 lbs P2O5 
acre-1, while soybean received 75 lbs P2O5 acre














y = -0.2392x + 14.224
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Table 3.1. Site soil information for 21 corn trials evaluated across Illinois from 2011 through 2015. Data presented are a composite soil sample 
averaged over replications of individual sites each year. 
Site Coordinates Soil Type† OM‡ pH CEC P K Ca Mg S Zn 
   % meq 100g-1 --------------------------  ppm§ --------------------------- 
2011            
1 40° 3' 8.76"N, 88° 13' 48.88"W Flanagan SIL 4.4 5.8 20.4 30 143 2300 450 -¶ - 
2 40° 3' 8.81"N, 88° 13' 45.89"W Flanagan SIL 3.5 5.9 15.0 21 100 1700 320 - - 
3 40° 3' 8.79"N, 88° 13' 47.35"W Flanagan SIL 4.4 5.8 20.4 30 143 2300 450 - - 
4 40° 2' 56.45"N, 88° 14' 7.55"W Drummer SICL 4.8 5.8 17.4 32 123 1900 335 8.0 2.4 
5 40° 3' 8.82"N, 88° 13' 43.56"W Flanagan SIL 3.5 5.9 15.0 21 100 1700 320 - - 
6 40° 3' 8.81"N, 88° 13' 44.74"W Flanagan SIL 3.5 5.9 15.0 21 100 1700 320 - - 
2012            
1 40° 4' 39.69"N, 88° 14' 33.03"W Flanagan SIL 4.5 6.3 18.3 18 91 2342 471 7.5 1.9 
2013            
1 40° 2' 42.68"N, 88° 14' 14.39"W Flanagan SIL 4.3 6.0 22.0 24 120 2697 519 7.8 2.1 
2 40° 2' 42.71"N, 88° 14' 1.85"W Flanagan SIL 4.5 5.7 22.6 27 112 2616 493 9.5 1.8 
3 40° 2' 42.32"N, 88° 14' 6.89"W Drummer SICL 4.2 5.9 23.1 20 113 2765 506 9.0 1.7 
4 40° 2' 42.34"N, 88° 14' 4.75"W Flanagan SIL 4.0 6.0 20.4 25 110 2475 495 9.0 1.4 
5 40° 2' 42.39"N, 88° 14' 11.46"W Flanagan SIL 4.2 5.7 20.5 23 124 2365 425 7.0 1.6 
6 40° 2' 42.46"N, 88° 14' 9.30"W Drummer SICL 4.7 5.9 24.9 34 135 3018 555 10.0 3.0 
7 41° 47' 2.64"N, 88° 50' 40.33"W Elburn SIL 5.2 6.0 23.4 48 200 2685 701 10.0 3.5 
8 37° 43' 23.70"N, 88° 26' 8.24"W Elburn SIL 2.8 6.1 13.9 38 153 1992 174 6.8 1.4 
2014            
1 40° 2' 46.93"N, 88° 14' 14.74"W Flanagan SIL 3.4 5.4 17.0 36 118 1784 362 9.0 1.1 
2 40° 2' 46.98"N, 88° 14' 10.44"W Flanagan SIL 3.4 5.2 18.7 46 138 1850 366 9.0 1.0 
3 40° 2' 47.06"N, 88° 14' 5.82"W Flanagan SIL 3.3 5.5 18.1 43 144 1861 432 8.0 1.1 
2015            
1 40° 2' 42.38"N, 88° 14' 10.51"W Drummer SICL 3.8 5.6 22.9 11 101 2452 522 - - 
2 40° 2' 42.68"N, 88° 14' 14.39"W Flanagan SIL 4.2 6.1 23.3 13 122 2853 615 - - 
3 41° 49' 9.95"N, 88° 41' 28.27"W Drummer SICL 6.5 6.7 27.3 42 172 3567 897 8.0 4.1 
† SIL, Silt Loam; SICL, Silty Clay Loam. ‡ OM, Organic Matter. § Minerals P, K, Ca, Mg, S, Zn, and B were extracted using Mehlich III 









Table 3.2. Site soil information for 30 soybean trials evaluated across Illinois from 2012 through 2015. Data presented are a composite 
soil sample averaged over replications of individual sites each year. 
Year Site Coordinates Soil Type† OM‡ pH CEC P K Ca Mg S Zn 
    %  meq 100g-1 -----------------------------------------  ppm§ ------------------------------------------ 
2012 1 40° 2' 42.68"N, 88° 14' 14.39"W Flanagan SIL 3.9 5.8 19.4 24 150 2050 470 -¶ - 
 2 40° 2' 42.38"N, 88° 14' 10.51"W Flanagan SIL 3.9 5.8 19.4 24 150 2050 470 - - 
 3 40° 2' 42.67"N, 88° 14' 5.97"W Drummer SICL 3.9 5.8 19.4 24 150 2050 470 - - 
 4 41° 47' 0.27"N, 88° 50' 39.87"W Elburn SIL 4.9 6.2 24.1 126 315 2780 700 26.0 3.8 
 5 41° 47' 2.77"N, 88° 50' 39.81"W Elburn SIL 4.9 6.2 24.1 126 315 2780 700 26.0 3.8 
 6 37° 43' 24.99"N, 88° 26' 12.01"W Harco SIL 2.7 6.8 12.3 20 195 1983 177 - - 
 7 37° 43' 21.08"N, 88° 26' 11.78"W Harco SIL 2.5 6.8 11.5 18 184 1897 152 - - 
 8 40° 3' 46.74"N, 90° 36' 43.92"W Clarksdale SIL 2.7 6.1 15.1 26 129 2003 287 9.0 2.0 
 9 40° 3' 49.25"N, 90° 36' 43.74"W Ipava SIL 2.7 6.1 15.1 26 129 2003 287 9.0 2.0 
 10 40° 3' 51.75"N, 90° 36' 43.65"W Ipava SIL 2.7 6.1 15.1 26 129 2003 287 9.0 2.0 
2013 1 40° 2' 46.93"N, 88° 14' 14.74"W Flanagan SIL 3.8 5.9 18.1 61 203 2090 425 13.3 1.4 
 2 40° 2' 47.06"N, 88° 14' 5.82"W Flanagan SIL 3.5 5.9 18.3 51 281 2045 438 9.5 1.3 
 3 41° 47' 4.97"N, 88° 50' 44.35"W Drummer SICL 3.6 6.6 18.7 36 197 2758 385 8.5 1.5 
 4 41° 47' 5.08"N, 88° 50' 46.32"W Drummer SICL 3.5 6.8 17.9 38 200 2768 338 8.5 1.8 
 5 41° 47' 1.43"N, 88° 50' 45.24"W Drummer SICL 5.2 6.3 22.0 36 181 2561 679 11.8 2.7 
 6 37° 43' 25.04"N, 88° 26' 20.91"W Harco SIL 3.5 6.7 18.3 37 199 2763 361 8.5 1.6 
 7 37° 43' 25.04"N, 88° 26' 25.03"W Harco SIL 3.3 6.5 17.1 49 172 2508 317 8.5 1.4 
 8 40° 1' 29.51"N, 90° 31' 6.60"W Wilbur SIL 2.2 5.3 11.8 46 216 1099 181 9.8 1.9 
 9 40° 1' 28.14"N, 90° 31' 6.74"W Wilbur SIL 2.2 5.4 12.4 42 199 1213 201 8.8 1.9 
2014 1 40° 2' 42.68"N, 88° 14' 14.39"W Flanagan SIL 3.5 6.0 22.8 17 135 2852 552 10.0 1.5 
 2 40° 2' 42.38"N, 88° 14' 10.51"W Flanagan SIL 3.7 5.7 23 20 106 2740 510 10.0 1.4 
 3 37° 43' 25.69"N, 88° 26' 14.83"W Harco SIL 2.4 6.4 14.2 17 116 2196 205 8.0 1.0 
 4 37° 43' 22.26"N, 88° 26' 14.90"W Harco SIL 2.5 6.5 13.3 14 103 2026 204 7.0 0.8 
2015 1 40° 2' 46.93"N, 88° 14' 14.74"W Flanagan SIL 3.5 6.0 19.2 18 106 2257 481 - - 
 2 40° 2' 46.98"N, 88° 14' 10.44"W Flanagan SIL 3.4 5.9 17.9 20 111 2058 446 - - 
 3 40° 2' 47.06"N, 88° 14' 5.82"W Flanagan SIL 3.3 6.3 17.3 14 94 2107 492 - - 
 4 41° 47' 1.57"N, 88° 50' 45.20"W Elburn SIL 4.3 6.4 23.0 26 150 2768 769 - 2.2 
 5 41° 47' 4.93"N, 88° 50 45.11"W Drummer SICL 4.3 6.4 23.0 26 150 2768 769 - 2.2 
 6 37° 44' 23.35"N, 88° 28' 16.22"W Patton SICL 2.7 6.6 20.2 21 182 2781 557 - - 
 7 37° 44' 26.78"N, 88° 28' 16.09"W Patton SICL 3.1 6.0 21.9 28 196 2647 547 - - 
† SIL, Silt Loam; SICL, Silty Clay Loam. ‡ OM, Organic Matter. § Minerals P, K, Ca, Mg, S, Zn, and B were extracted using Mehlich 
III solution and are reported as raw means; ¶ -, No data available. 
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Table 3.3. Planting and hybrid information for 21 corn trials evaluated across Illinois from 2011 through 
2015. 
Site Planting Date Germplasm Hybrid† 
 Julian Day   
2011    
1 139 Monsanto DKC62-63 VT3P, DKC63-84 VT3 
2 139 Pioneer P1018HR, P1184XR 
3 139 Monsanto DKC61-19 VT3, DKC61-22 RR2 
4 140 Syngenta G12J30-3111, G14R38-3000GT 
5 139 Monsanto DKC62-63 VT3P, DKC63-84 VT3 
6 139 Monsanto DKC62-63 VT3P, DKC63-84 VT3 
2012    
1 146 Monsanto DKC62-97 VT3P 
2013    
1 140 Syngenta G12J11 4011, G13G41 3000GT 
2 156 Croplan 6265 SS, 6640 VT3P 
3 156 Wyffels W6487 VT3P, W7477 RIB 
4 156 Wyffels W6487 VT3P, W7477 RIB 
5 140 Monsanto Stone 6258 RIB, Stone 6358 RIB 
6 140 Monsanto Stone 6258 RIB, Stone 6358 RIB 
7 135 Syngenta G07V88-3000GT, G09E98-3000GT 
8 149 Monsanto DKC62-08, Stone 6358 RIB 
2014    
1 152 Croplan 6065 SS RIB 
2 153 Monsanto DKC63-33 SS RIB 
3 157 Syngenta G09E98- 3000GT 
2015    
1 130 Croplan 7087VT2P RIB 
2 130 Syngenta G12J11- 3111A 
3 142 Syngenta G06N80- 3111 
† Hybrid Trait Packages: VT3P: VT Triple Pro with multiple above ground modes of action with one below ground 
insect trait and a glyphosate herbicide tolerance trait, plus 10% refuge in a bag; VT3: Yield Gard Triple with multiple 
above ground modes of action with one below ground insect trait and a glyphosate herbicide tolerance trait; HR: 
Herculex 1 with a above ground insect protection trait with glyphosate and glufosinate herbicide tolerance; XR: 
Herculex Xtra with above ground insect protection traits plus below ground rootworm trait, and glyphosate and 
glufosinate herbicide tolerance; RR2: Round-Up ready glyphosate herbicide tolerance trait with no insect protection 
traits; 3111: Agrisure Viptera protection of above ground and below-ground insect resistance traits with glyphosate 
and glufosinate herbicide tolerance traits; 3000GT: Agrisure protection of above ground and below-ground insect 
resistance traits with glyphosate and glufosinate herbicide tolerance traits; 4011: Pre-commercial Artesian technology, 
Agrisure Viptera protection of above ground and below-ground insect resistance traits with glyphosate and glufosinate 
herbicide tolerance traits and Artesian water optimization technology; SS: Smartstax, Eight-trait stack of multiple 
above-ground and below-ground insect protection with glyphosate and glufosinate herbicide tolerance; RIB: Refuge 
in a bag, Smartstax Refuge in a bag, Eight-trait stack of multiple above-ground and below-ground insect protection 
with glyphosate and glufosinate herbicide tolerance, plus 5% refuge in a bag; VT2P RIB: VT Double Pro with 
multiple above ground modes of action with a glyphosate herbicide tolerance trait, plus 5% refuge in a bag; 3111A: 
Agrisure Viptera protection of above ground and below-ground insect resistance traits with glyphosate and glufosinate 




Table 3.4. Planting and variety information for 30 soybean trials 
evaluated across Illinois from 2012 through 2015. 
Year Site Planting Date Germplasm Varieties† 
  Julian Day   
2012 1 163 Syngenta S34-N3, S36-M8 
 2 163 Monsanto AG3432, AG3832 
 3 163 Pioneer 92Y80, 93Y82 
 4 164 Syngenta S27-H6, S28-K1 
 5 164 Monsanto AG2731, AG3432 
 6 155 Syngenta S39-U2, S41-J6 
 7 155 Monsanto AG4932, AG5232 
 8 159 Syngenta S34-N3, S36-M8 
 9 159 Monsanto AG3432, AG3832 
 10 159 Pioneer 92Y80, 93Y82 
2013 1 157 Syngenta S34-N3, S36-M8 
 2 157 Monsanto AG3432, AG3832 
 3 136 Syngenta S27-H6, S29-V2 
 4 136 Syngenta S27-H6, S29-V2 
 5 136 Monsanto AG2831, AG3231 
 6 151 Syngenta S45-V8, S46-L2 
 7 151 Monsanto AG4933, AG5232 
 8 163 Syngenta S34-N3, S36-M8 
 9 163 Monsanto AG3432, AG3832 
2014 1 127 Syngenta S32-L8, S39-U2 
 2 127 Monsanto AG3634, AG3832 
 3 145 Syngenta S46-L2, S48-P4 
 4 145 Monsanto AG4933, AG5233 
2015 1 127 Syngenta S25-L9, S30-V6 
 2 127 Monsanto AG3634, AG3832 
 3 134 Croplan R2T2501, R2C2674 
 4 141 Croplan R2C3788, R2C3800 
 5 141 Syngenta S35-A5, S37-Z8 
 6 123 Syngenta S40-N2, S45-V8 
 7 123 Croplan R2C4114, R2C4391 
† All seeds were untreated unless otherwise noted. Seed treatments are listed 
by company and year as active ingredients (mg ai per seed). Pioneer 2012, 
Apron + Trilex: 0.01135 mg Mefenoxam, 0.0081 mg trifloxystrobin; 
Syngenta 2012-2014, Apron Maxx: 0.034 mg seed Apron XL (0.01135 mg 
Mefenoxam), 0.00943 mg Maxim 4FS (0.0038 mg Fludioxonil); Syngenta 
2015, Apron Maxx + Vibrance:  0.034 mg seed Apron XL (0.01135 mg 





Table 3.5. Planting and monthly weather data between 1 April and 30 
September for 21 corn trials evaluated across Illinois from 2011 through 2015. 
Temperature is the average daily air temperature and precipitation is the 
average monthly accumulated rainfall. Values were obtained from National 
Oceanic and Atmospheric Administration (1981-2010) and values in 
parentheses are the deviations from the 30-year average. 
  Temperature, °F 
 Site April May June July Aug. Sept. 
2011       
1-6 53.5 (1.6) 61.9 (0.6) 73.0 (0.8) 80.8 (5.9) 75.8 (2.4) 64.1 (-2.1) 
2012       
1 54.1 (2.2) 68.4 (5.9) 72.3 (0.1) 82.2 (7.3) 74.1 (0.7) 64.8 (-1.4) 
2013       
1-6 50.2 (-1.7) 64.2 (1.7) 71.3 (-0.9) 72.5 (-2.4) 73.1 (-0.3) 69.6 (3.4) 
7 44.7 (-3.7) 61.6 (2.2) 68.0 (-1.5) 71.9 (-1.2) 71.1 (-0.1) 64.3 (0.9) 
8 53.8 (-2.5) 65.0 (-0.8) 74.1 (-0.5) 73.6 (-4.5) 73.7 (-2.8) 70.3 (1.8) 
2014       
1-3 52.7 (0.8) 63.9 (1.4) 73.0 (0.8) 69.8 (-5.1) 73.4 (0.0) 64.6 (-1.6) 
2015       
1-2 53.8 (1.9) 65.5 (3.0) 72 (-0.2) 73.4 (-1.5) 71.8 (-1.6) 69.8 (3.6) 
3 50.2 (1.8) 61.1 (1.7) 67.5 (-2.0) 71.1 (-2.0) 69.7 (-1.5) 68.2 (4.8) 
       
 Precipitation, Inches 
2011       
1-6 7.4 (3.75) 4.9 (0.0) 4.2 (-0.2) 1.6 (-3.1) 1.8 (-2.2) 2.73 (-0.4) 
2012       
1 2.3 (-1.4) 3.1 (-1.8) 2.3 (-2.1) 0.6 (-4.1) 5.6 (1.6) 5.7 (2.6) 
2013       
1-6 7.1 (3.4) 3.7 (-1.2) 6.3 (1.9) 3.5 (-1.2) 0.4 (-3.6) 0.7 (-2.5) 
7 8.3 (5.0) 3.2 (-1.4) 7.4 (3.3) 1.3 (-3.0) 4.2 (-0.2) 1.5 (-1.8) 
8 4.1 (-0.4) 3.5 (-1.8) 4.1 (-0.5) 4.1 (0.4) 2.7 (-0.5) 0.7 (-2.5) 
2014       
1-3 3.9 (0.3) 4.4 (-0.5) 8.2 (3.9) 8.7 (4.0) 1.5 (-2.4) 3.4 (0.3) 
2015       
1-2 3.6 (-0.1) 6.1 (1.2) 9.2 (4.8) 4.2 (-0.5) 3.2 (-0.8) 6.4 (3.3) 






Table 3.6. Monthly weather data between 1 April and 30 September for 30 
soybean trials evaluated across Illinois from 2012 through 2015. Temperature is 
the average daily air temperature and precipitation is the average monthly 
accumulated rainfall. Values were obtained from the National Oceanic and 
Atmospheric Administration (1981-2010) and values in parentheses are the 
deviations from the 30-year average. 
 Temperature, °F 
Site April May June July Aug. Sept. 
2012       
1-3 54.1 (2.2) 68.4 (5.9) 72.3 (0.1) 82.2 (7.3) 74.1 (0.7) 64.8 (-1.4) 
4-5 48.8 (0.4) 64.5 (5.1) 71.0 (1.5) 79.0 (5.9) 71.6 (0.4) 62.7 (-0.7) 
6-7 58.3 (2.0) 70.6 (4.8) 74.1 (-0.5) 84.3 (6.2) 75.6 (-0.9) 67.2 (-1.3) 
8-10 53.8 (1.3) 67.3 (5.0) 71.1 (-0.6) 81.6 (6.1) 73.4 (-0.5) 64.7 (-1.6) 
2013       
1-2 50.2 (-1.7) 64.2 (1.7) 71.3 (-0.9) 72.5 (-2.4) 73.1 (-0.3) 69.6 (3.4) 
3-5 44.7 (-3.7) 61.6 (2.2) 68.0 (-1.5) 71.9 (-1.2) 71.1 (-0.1) 64.3 (0.9) 
6-7 53.8 (-2.5) 65.0 (-0.8) 74.1 (-0.5) 73.6 (-4.5) 73.7 (-2.8) 70.3 (1.8) 
8-9 48.4 (-4.1) 62.6 (0.3) 70.6 (-1.1) 72.4 (-3.1) 72.4 (-1.5) 67.8 (1.5) 
2014       
1-2 52.7 (0.8) 63.9 (1.4) 73.0 (0.8) 69.8 (-5.1) 73.4 (0.0) 64.6 (-1.6) 
3-4 56.0 (-0.3) 66.1 (0.3) 74.6 (0.0) 70.7 (-7.4) 75.4 (-1.1) 65.4 (-3.1) 
2015       
1-3 53.8 (1.90 65.5 (3.0) 72.0 (-0.2) 73.4 (-1.5) 71.8 (-1.6) 69.8 (3.6) 
4-5 50.2 (1.8) 61.1 (1.7) 67.5 (-2.0) 71.1 (-2.0) 69.7 (-1.5) 68.2 (4.8) 
6-7 -† 66.3 (0.5) 74.2 (-0.4) 77.9 (-0.2) 73.3 (-3.2) 69.0 (0.5) 
       
 Precipitation, Inches 
2012       
1-3 2.3 (-1.4) 3.1 (-1.8) 2.3 (-2.1) 0.6 (-4.1) 5.6 (1.6) 5.7 (2.6) 
4-5 3.0 (-0.3) 1.3 (-3.3) 2.2 (-2.0) 3.7 (-0.7) 1.9 (-2.5) 2.4 (-0.9) 
6-7 2.7 (-1.7) 0.4 (-5.0) 1.0 (-3.5) 1.6 (-2.0) - - 
8-10 2.5 (-1.4) 1.5 (-3.7) 1.7 (-2.9) 0.9 (-3.5) 2.3 (-1.3) 5.5 (1.9) 
2013       
1-2 7.1 (3.4) 3.7 (-1.2) 6.3 (1.9) 3.5 (-1.2) 0.4 (-3.6) 0.7 (-2.5) 
3-5 8.3 (5.0) 3.2 (-1.4) 7.4 (3.3) 1.3 (-3.0) 4.2 (-0.2) 1.5 (-1.8) 
6-7 4.1 (-0.4) 3.5 (-1.8) 4.1 (-0.5) 4.1 (0.4) 2.7 (-0.5) 0.7 (-2.5) 
8-9 6.8 (2.9) 11.0 (5.9) 4.2 (-0.3) 3.2 (-1.2) 0.4 (-3.2) 3.3 (-0.3) 
2014       
1-2 3.9 (0.3) 4.4 (-0.5) 8.2 (3.9) 8.7 (4.0) 1.5 (-2.4) 3.4 (0.3) 
3-4 8.2 (3.7) 4.9 (-0.4) 5.1 (0.6) 2.9 (-0.8) 2.5 (-0.8) 0.8 (-2.3) 
2015       
1-3 3.6 (-0.1) 6.1 (1.2) 9.2 (4.8) 4.2 (-0.5) 3.2 (-0.8) 6.4 (3.3) 
4-5 3.8 (0.5) 5.8 (1.3) 8.2 (4.1) 3.2 (-1.2) 3.1 (-1.3) 2.7 (-0.5) 
6-7 - 4.2 (-1.1) 8.9 (4.3) 7.0 (3.3) 2.6 (-0.6) 4.3 (1.2) 




Table 3.7. Yields from plots not fertilized with P (UTC) and the yield 
response to 100 lbs P2O5 acre
-1 of preplant banded P fertilizer across 21 
corn trials. The probability of yield responses from P fertilizer additions are 
shown for each site. 
Site UTC Yield† ——— P Fertilizer Response‡ ——— 
 Bushels Acre-1  Bushels Acre-1 P > F§ 
2011    
1 164.6 10.2 0.3816 
2 167.6 22.1 0.0007 
3 142.6 29.4 0.0129 
4 192.6 12.1 0.1683 
5 177.3 2.3 0.7469 
6 152.9 22.0 0.0421 
2012    
1 185.2 3.9 0.6262 
2013    
1 189.5 7.2 0.0696 
2 192.5 3.5 0.6803 
3 187.8 21.6 0.0204 
4 171.0 22.9 0.0150 
5 175.7 10.9 0.0518 
6 174.1 28.2 0.0001 
7 249.1 -3.1 0.3279 
8 223.1 -1.3 0.8651 
2014    
1 193.5 8.2 0.0547 
2 208.5 8.6 0.0063 
3 189.8 6.1 0.1571 
2015    
1 178.8 34.9 0.0007 
2 170.7 6.2 0.7475 
3 193.0 8.8 0.0648 
† UTC, Untreated control plots with no P fertilizer. 
‡ Change in yield from addition of P fertilizer.  
§ Probability of a larger F value by chance among P fertilizer addition      




Table 3.8. Yields from plots not fertilized with P (UTC) and the response to 75 lbs P2O5 acre
-1 of 
preplant banded P fertilizer across 30 soybean trials. The probability of yield responses from P fertilizer 
additions are shown for each site. 
Year Site UTC Yield† ———— P Fertilizer Response‡ ———— 
  Bushels Acre-1  Bushels Acre-1 P > F§ 
2012 1 58.1 3.5 0.0106 
 2 52.5 6.8 0.0001 
 3 49.7 3.4 0.0132 
 4 64.1 0.1 0.4893 
 5 66.4 -1.3 0.2727 
 6 66.7 0.1 0.4062 
 7 45.7 0.6 0.6563 
 8 67.1 0.0 0.6975 
 9 40.3 2.7 0.1179 
        10 40.3 1.9 0.3068 
2013 1 58.8 2.7 0.1026 
 2 62.2 3.0 0.1286 
 3 61.4 6.3 0.0014 
 4 65.3 9.2 0.0001 
 5 71.4 6.3 0.0001 
 6 62.6 3.5 0.0070 
 7 62.5 0.9 0.3740 
 8 78.8 -0.7 0.4869 
 9 74.3 3.3 0.0210 
2014 1 74.4 6.8 0.0001 
 2 80.1 8.4 0.0001 
 3 60.5 0.8 0.3105 
 4 65.0 2.3 0.0091 
2015 1 89.4 2.3 0.0680 
 2 83.3 5.3 0.0001 
 3 78.7 4.8 0.0001 
 4 50.7 12.1 0.0001 
 5 63.8 11.1 0.0001 
 6 75.7 4.8 0.0001 
 7 75.0 3.0 0.0063 
† UTC, Untreated control plots with no P fertilizer.  
‡ Change in yield from addition of P fertilizer.  
§ Probability of a larger F value by chance among P fertilizer addition yield responses when compared  





























Table 3.9. Percentage yield increases for corn and soybean from 
preplant banded MicroEssentials SZ for different ranges of soil 
test P values. Fertilized corn received 100 lbs P2O5 acre
-1, soybean 
75 lbs P2O5 acre
-1 as preplant MESZ. The number of sites in each 
respective soil test category are shown in parentheses (n). 
 Crop 
Soil Test P 
(ppm) 
Corn Soybean 
 Yield Response, % 
≤ 20 9.1 (4) 5.4 (9) 
>20-40 6.9 (13) 8.7 (14) 
>40 2.5 (4) 2.2 (7) 
Yield response by soil test P LSD (α=0.1) is 9.3% for corn and 
12.9% for soybean. 
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Table 3.10. Correlation coefficients (r) between the crop yield 
response to P fertilizer and yield of plots not fertilized with P, 
planting date, or soil test measurements. Fertilized corn received 
100 lbs P2O5 acre
-1, soybean 75 lbs P2O5 acre
-1 as preplant MESZ. 
 Crop 
Site Assessments Corn Soybean Both 
Unfertilized P Yield -0.69§ -0.17 - 
Planting Date -0.22 -0.35§ -0.31§ 
OM† -0.03 0.36§ 0.21 
pH -0.13 0.11 -0.03 
CEC‡ 0.13 0.44§ 0.32§ 
Soil Test P -0.39§ -0.33§ -0.32§ 
Soil Test K -0.32 -0.28 -0.29§ 
Soil Test Ca 0.04 0.41§ 0.24§ 
Soil Test Mg -0.01 0.49§ 0.29§ 
Soil Test S  0.34 -0.43§ -0.27 
Soil Test Zn 0.02 -0.12 -0.07 
† OM, Organic Matter. 
‡ CEC, Cation Exchange Capacity. 
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